
UCRL-JC-120142 
PREPRINT 

CONVERSION OF MUNICIPAL SOLID WASTE TO HYDROGEN 

J. H. Richardson 
R.S. Rogers 

C .  B. Thorsness 
P. H. Wallman 
T. F. Leininger 
G. N. Richter 
A. M. Robin . 

H. C .  Wiese 
J. K. Wolfenbarger 

This paper was prepared for submittal to the 
DOE Hydrogen Program Review 

in Coral Gables, FL, on April 19-21, 1995. 

This is a preprint of a paper intended for publication in ajoumal or proceedings. Since 
changes may be made before publication, this preprint is made available with the 
understanding that it will not be cited or reproduced without the permission of the 
author. 

7 
.. 



8 

DISCWMER 

This document was prepared as an account of work sponsored by an agency of 
the United States Government. Neither the United States Government nor the 
University of California nor any of their employees, makes any warranty, express 
or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness, or usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or service by trade 
name, trademark, manufacturer, or otherwise, does not necessarily constitute or 
imply its endorsement, recommendation, or favoring by the United States 
Government or the University of California. The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States 
Government or the University of California, and shall not be used for advertising 
or product endorsement purposes. 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



CONVERSION OF MUNICIPAL SOLID WASTE TO HYDROGEN 

J. H. Richardson, R S. Rogers, C. B. Thorsness and P. H. Wallman 
Lawrence Livennore National Laboratory 

Livermore, CA 9455 1 

T.F. Leininger, G. N. Richter, A. M. Robin, H.C. Wiese and J. K. Wolfenbarger 
Montebello Research Laboratory 

Texaco Inc 
Montebello, CA 90640 

Abstract 

LLNL and Texaco ratively developing a physical and chemical treatment method for 
the conversion of municipal solid waste (MSW) to hydrogen via the steps of hydrothermal 
pretreatment, gasification and purification. LLNL's focus has been on hydrothermal pretreatment 
of MSW in order to prepare a slurry of suitable viscosity and heating value to allow efficient and 
economical gasification and hydrogen production. The project has evolved along 3 parallel 
paths: laboratory scale experiments, pilot scale processing, and process modeling. Initial 
laboratory-scale MSW treatment results (e.g., viscosity, slurry solids content) over a range of 
temperatures and times with newspaper and plastics will be presented. Viscosity measurements 
have been correlated with results obtained at MRL. A hydrothermal treatment pilot facility has 
been rented from Texaco and is being reconfigured at LLNL; the status of that facility and plans 
for initial runs will be described. Several different operational scenarios have been modeled. 
Steady state processes have been modeled with ASPEN PLUS; consideration of steam injection 
in a batch mode was handled using continuous process modules. A transient model derived fiom 
a general purpose packed bed model is being developed which can examine the aspects of steam 
heating inside the hydrothermal reactor vessel. These models have been applied to pilot and 
commercial scale scenarios as a function of MSW input parameters and have been used to 
outline initial overall economic trends. Part of the modeling, an overview of the MSW 
gasification process and the modeling of the MSW as a process material, was completed by a 
DOE SERS (Science and Engineering Research Semester) student. The ultimate programmatic 
goal is the technical demonstration of the gasification of MSW to hydrogen at the laboratory and 
pilot scale and the economic analysis of the commercial feasibility of such a process. 
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Introduction 

Municipal Solid Waste (MSW) is a large, growing, and little-used by-product resource of the 
United States. Approximately 200 million tons of MSW are produced annually in the United 
States, and the vast majority of this eventually winds up in landfills (Khan, 1993). 
Environmental concern over air pollution and the ash by-product has limited incineration as a 
disposal method, current landfills are becoming full, and concern over water pollution makes 
siting of fiture landfills difficult and expensive. 

MSW is predominantly composed of carbon, hydrogen and oxygen, and as such is a potential 
energy source (Rogers, 1994). Thus, development of the technology necessary for gasification 
of MSW to hydrogen has the potential to address a number of economic, environmental, societal 
and resource issues. A path for the conversion of MSW to hydrogen has the potential to be 
economically advantageous because management and disposal of MSW is expensive, and the 
fees otherwise required to dispose of MSW become a credit against the cost of the produced 
hydrogen. The economics of MSW to hydrogen conversion relative to other sources will depend 
on tipping fees, the cost of alternate feed stocks such as coal or natural gas, and the differential 
processing costs. Conversion of MSW to hydrogen has the environmental advantage of 
decreasing the number of future landfills needed with the concomitant decrease in the associated 
water pollution issues. Furthermore, as gasification of MSW involves recycling of what is 
predominantly biomass, it introduces virtually no new carbon into the atmosphere. Finally, the 
energy content of one ton of MSW is comparable to a barrel of oil. Recovery of that energy 
through gasification would eliminate importing approximately 200 million barrels of oil, or = 3-4 
B$. Thus, even recovery of only a substantial fraction of the energy in MSW would have 
significant environmental and fiscal impact on the United States. 

This report describes work done jointly between Lawrence Livermore National Laboratory 
(LLNL) and Texaco. The objective of this work is to generate hydrogen from MSW to capitalize 
on the proven gasifier technology developed and marketed by Texaco. The primary technical 
problem is the pretreatment of MSW into a form suitable to use as a feed stock to the Texaco 
gasifier. LLNL is focusing its efforts on the effects of MSW pretreatment on the heating value 
and viscosity properties of slurries suitable for injection into the gasifier. Supplemental feed 
stocks would be considered as needed (e-g., coal; heavy oils, which are of particular interest in 
California). The scope of this project does not include initial MSW classification; hence and as 
appropriate, additional industrial partnerships in the realm of MSW cIassification would be 
explored in order to address as filly as possible all the technical and economic issues. Initial 
results have been documented elsewhere (Pastemak, et. al., 1994). 

The Texaco gasifier has been successfully developed and commercially employed for 
gasification of coal, heavy oils, and petroleum coke with subsequent shift and hydrogen 
separation. The Texaco gasifier has many advantages: 1) oxygen can be utilized as the oxidant, 
resulting in no dilution and few nitrogen impurities; 2) hazardous metals are sequestered by the 
slag; 3) the high temperatures insure the complete destruction of hazardous organics; 4) the 
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Texaco gasifier represents proven technology. Texaco will perform laboratory gasification runs 
of MSW feed stocks prepared by LLNL during the initial phase of pretreatment parameter 
optimization. Texaco and LLNL will jointly perform a system analysis of the feed 
preparation/gasification process in order to allow process tradeoffs to be evaluated on an 
economic as well as a technical basis. Slagging is both a proven asset and potential issue with 
respect to gasification of MSW. Consequently, another goal of this project is the development of 
a measurementlcontrol system to ensure continuous ash slagging conditions despite variations in 
the ash compositions of for the MSW feed. Finally, it is intended that the project will conclude 
with the demonstration of MSW slurrying and subsequent gasification at the pilot scale size. 

Subsequent work may deal with alternate biomass and waste feed stocks which potentially 
represent major energy resources; e.g., there are approximately 7 million tons of dry sewage 
sludge produced daily in the United States (Khan, 1993). MSW in particular and biomasdwaste 
in general are predicted to have the greatest potential for annualized growth of electricity 
generation and displacement among renewable energy resources during the next 20 years ( U S  
Department of Energy, 1991). The development of technically and economically successful 
pretreatment processes for biomass waste suitable for subsequent gasification and hydrogen 
separation will make a major contribution towards the realization of this major renewable 
resource. 

Discussion 

Laboratory Scale Experiments 

04jectives 

The objective of the bench-scale laboratory work has been to establish operating conditions for a 
hydrothermal pre-processing scheme for municipal solid waste (MSW) that produces a good 
slurry product for conversion in a Texaco gasifier. "Good" in this context means a slurry that can 
be pumped and atomized in the gasifier feed injector, and that has a high Btu content leading to a 
high yield of hydrogen relative to the C02 byproduct. Pumpability and Btu content for raw 
MSW are contradictory requirements: high water content favors pumpability, i.e. lowers the 
viscosity of the slurry but also lowers the Btu content. However, hydrothermal treatment (Khan, 
1993) results in partial dissolution of the solid and leaves an altered solid product that is more 
carbon-like in nature, and less water absorbing due to an altered pore structure. Both dissolution 
and reduced porosity lead to a lower viscosity of a slurry of given MSW content. 

A more specific objective of the bench-scale work has been to study the kinetics of the 
hydrothermal reaction, Le. the hydrolysis of the MSW, for the purpose of guiding the 1 todday 
pilot plant work. This work has mostly been carried out with model components of the MSW, 
namely several types of paper, wood and paper/plastic mixtures. The kinetics work encompasses 
yield determinations for the three products, solubles, solids and gas, as well as rheological 
characterization of slurry products as a knction of organic content. These results have been 
more completely documented elsewhere (Wallman, 1995). 





Experimental Approach 

The bench-scale work was carried out in batch autoclaves of three different sizes. The goal was 
isothermal experiments with preset reaction times. However, isothermal conditions were 
obtained only approximately because of the slow heat transfer between the oven atmosphere and 
the reactor wall. Gas yield was determined by allowing the product gas to fill an evacuated 1- 
liter volume at room temperature and recording the final pressure (at ambient temperature). Gas 
composition was determined by mass spectrometry. Slurries were prepared from either the wet 
filter cake (containing water and solubles) or from the dried cake by adding back the separated 
water, and shearing the resulting mixture. Slurry rheograms were determined on a H a k e  RV30 
viscometer at Texacols Montebello Research Laboratory. This viscometer uses a rotating spindle 
with a narrow gap between the spindle and the stationary wall. Some samples, particularly %in" 
slurries, showed thixotropic behavior, Le. thinning of the sample during the measurement. 
"Thick" samples showed separation upon loading the sample and could therefore not be run at 
all. 

Cellulosic Yield and Viscosity Results 

Table l. Product yields (wt% feed) 

Feed Material Treatment solids Solubles Gas Water 
(mostly CO2) (difference) 

Newspaper 320 C, 30 min 55 23 12 10 
275 C, 2 hours 67 10 11 12 

Wood 310 C, 30 min 47 30 11 12 

Paper dunnage 260 C, 30 min 61 16 12 11 
275 C, 30 min 55 17 12 16 
310 C, 30 min 48 17 17 18 
320 C, 30 min 50 16 16 18 
275 C, 2 hours 52 22 14 12 

The yield results are summarized in Table 1 for a newspaper, a coniferous wood and a paper 
dunnage sample. The source of the newspaper sample was the laboratory bi-weekly newspaper 
which is printed on high-grade paper while the paper dunnage which is composed of tailings 
from paper mills came from an industrial packaging company. The wood was in the form of saw 
dust. 

The experiments in Table 1 were conducted at a water/feed ratio of 2 except for the last row 
which is the average of five experiments conducted with ratios 1, 2, 3, 4, and 10. The 
interpretation of this result is that a watedfeed ratio of 1 is sufficient to "wet" the solid reactant 
and that any extra water merely acts as a diluent. This is important because a ratio of one 



produces a relatively thick slurry without any separation of excess water. It is, therefore, quite 
possible that a process can be designed without any excess waste water that would be expensive 
to treat. It is also noteworthy that no improvement was observed by starting with 0.1N acid 
instead of pure water. Using a base to force the cooking solution to be alkaline was deemed to be 
too expensive for a practical process. 

In viscometer tests (Wallman, 1995) the paper dunnage produced acceptable slurries at higher 
concentrations than the newspaper did. This important result is also reflected in a yield difference 
between the two materials: The paper dunnage produces less solid product and more water. 
However, the soluble yield results in Table 1 leave uncertainty about the true trends because the 
two comparisons produce contradictory findings. Paper dunnage is expected to produce more 
solubles, but this must be confirmed in fbture work. 

Figure 1 shows the first results on the effects of treatment severity on the paper dunnage that will 
be used for the pilot plant work. With severe treatment (31OOC or 320°C for 30 minutes, or 
275OC for 2 hours) the paper dunnage produces a slurry of 55 % organic content at 1000 mPas 
apparent viscosity. Figure 1 also shows that the slurry quality degrades quickly as the 
hydrothermal treatment becomes less severe. Further work will be required to derive kinetic 
expressions to be used for reactor design calculations. The preliminary finding that 3 1 O°C with a 
30 minute residence is equivalent to 275OC with a 2 hour residence time translates to very 
different reactors because the pressure requirement is very sensitive to operating temperature. 

Results with Piastic Containing Feed 

A breakdown of the plastic components of 'Yypical" MSW was obtained from the San Marcos 
facility (Worell, 1994) and indicated that the dominant component was low density polyethylene. 
Thus, polyethylene (PE) garbage bags were used in the initial laboratory work as representative 
of the main plastic component of MSW . 

Batch hydrothermal treatment experiments of 90 % paper with 10 % PE have simply shown that 
the paper produces the usual slurry, whereas the PE component is largely unaltered by the 
process. PE melts at treatment conditions to a very viscous liquid and then re-solidifies during 
cooling. A small amount of paper-derived product %ickstt to the plastic pieces in the re- 
solidification but this is only of the order 10 % of the plastic and therefore negligible in terms of 
paper loss (paper and other cellulosic material are the main slurry-forming vehicles). However, 
the plastic pieces remaining after the cook were found to be so resilient that no comminution 
occurred upon shearing. Because of the difficulties encountered in pulverizing the plastic 
component after the hydrothermal treatment, several alternatives addressing treatment of plastics 
were investigated in the bench-scale work. Some success was achieved with the 90-10 paperPE 
feed in a reactor provided with a hot blow-down valve. Although only the water and part of the 
molten PE flowed through the valve, the plastic component appeared to have been atomized in 
the process. The valve was apparently too small to allow the paper component to flow through. 
However, the approach of using a hot blow-down valve to disperse the plastic component 
warrants hrther study on a larger scale. 



Process Modeling 

A series of process models (Thorsness, 1994, 1995a, 1995b) have been developed to allow 
evaluation of conceptual large scale process configurations and possible operating scenarios for 
our pilot scale facility. Two of the models are steady-state models constructed using the ASPEN 
PLUS simulator and a third solves transient equations associated with operation of our pilot scale 
facility. These models provide a means of evaluating the overall process with respect to major 
inputs and outputs and changes in operating strategies. The ASPEN PLUS modeling is primarily 
directed toward a commercial scale operation, although it has also been used to look at possible 
operating strategies for our pilot work. In the ASPEN modeling the conceptual process is broken 
down into the discrete modules summarized in Figure 2: pretreatment, gasification, quench, shift, 
cleanup and separation. 

Although the entire operation is dealt with in the ASPEN PLUS modeling, the primary focus has 
been on the pretreatment step where a high solids content slurry is formed from MSW using 
hydrothermal treatment. To date, two distinctly different hydrothermal pretreamtent conceptual 
process models have been translated into working ASPEN PLUS models. The first is an indirect 
heating option and the other is a direct steam heat option. The results presented below were 
obtained during the past year and the assumptions used represent our best estimates at the time. 
As work continues better estimates of process physics and chemistry will become available and 
the models will be used to make updated estimates. 

In the modeling, a simplified method of dealing with the composition and the stoichiometry of 
the reactions has been employed. The raw input MSW is assumed to be composed of an organic 
composite material characteristic of biomass derived constituents, a plastic component, an ash 
component (inorganic constituents) and moisture or water. All but the water components are 
treated as nonconventional solids. At this point in the modeling process it has been assumed that 
the organic component undergoes chemical change in the process while the ash and plastic 
passes through chemically unchanged. Information to date also indicates that most of the plastic 
will probably not be chemically altered in the hydrothermal process at the temperatures currently 
under consideration. 

In addition to the nonconventional solids used to specify the incoming MSW, one other 
nonconventional solid is defined. This solid is used to represent the solid product of the 
hydrothermal decomposition of the organic composite material in the MSW. Each of the 
nonconventional solids has been given a component name for use in the simulation. These 
names are: 

ORG - The composite organic material of the incoming MSW 
PLS - The plastic component of the MSW 

ASH - The ash, inorganic, component of the MSW 
GORG - The solid organic product of the hydrothermal decomposition of MSW 

The decomposition of ORG (biomass related component of MSW) in the current models is 
handled by assuming the overall reaction can be adequately described by the following 



CH,O, (ORG) * CH, 0, (GORG) + aCO, + PCO + 
6 H 2  + @ H 2 0  + YCH, 

In this overall reaction methane is used to approximate all hydrocarbon type gaseous products. 
For simplicity, the N, S and C1 have been omitted from the simplified reaction description. 
Currently these species are all carried along with the GORG component. 

The assumed MSW composition and decomposition stoichiometry values used are given in 
Tables 2 and 3.  In the process modeling results it is assumed that the PLS component does not 
change in the hydrothermal treatment units and that the ORG component decomposes according 
to the stoichiometry given in Table 3. The energetics of the assumed ORG decomposition are 
given in the second part of the table. Notice for this choice of parameters the heat of reaction for 
the decomposition at 25 C is small and all the heating value of the MSW is available in the solid 
product. 

Table 2. Assumed Raw MSW Component Composition. 

ASH 18.1 

Table 3. Stoichiometry and Energetics used in Defining MSW Related Components. 
L 

H20 DryGas ’ 
Solid Product Product 

W F d  Product Dry Gas Mole % /Feed /Feed 
HIC o/c H/C O/C CO2 CE) H2 CH4 (kg/kg) ( kgkg) (kgkg) 

CFG 1.49 0.66 I 0.33 80 4 7 9 0.72 0.19 0.09 
PLS 1.71 0.24 1.71 0.24 0 0 0 0 1 0 0 

1.52 0.60 1.10 0.32 80 4 7 9 0.76 0.1 6 0.08 

Solid 
Solid Product 

Feed Product I Feed 
Heating Heating Heat Heating 
Value Value Reaction Value 
(MJ/kg) ( MJkg) ( MJkg) 

m 17.9 24.7 0.26 1 .o 
30.6 0 1.0 I 30.6 PIS 

,3RG+PLS 19.8 25.6 0.22 1.0 I 



Indirect Heating Option 

A process flowsheet for the indirect hydrothermal pretreatment option is shown in Figure 3. The 
incoming raw MSW is mixed with recycled water and shredded. A classification by weight is 
then done removing some of the heavier components. An ad hoc assumption that 50% of the 
incoming ash will be removed in this separation has been made. This yields a material with an 
ash content similar to that of RDF. This initial processing occurs at atmospheric pressure. The 
dilute slurry mixture is then raised to the desired reaction pressure using a high pressure pump. 
It then passes through a countercurrent heat exchanger system; the final reaction temperature is 
reached by addition of steam and indirect heating. After passing through the reactor vessel and 
the heat exchanger any free gas is separated from the liquid slurry. After a pressure 
letdowdflash, the slurry passes to a filter, or thickener, which establishes the desired solids 
content of the product slurry. The filtrate is then hrther flashed to drop the temperature so that 
the water can be recycled to the atmospheric operations. The flashed vapors are mixed with the 
separated gas and passed through a condenser. The condensate is added to the recycle stream. 
The recycle stream flow rate is controlled to give the desired ratio of raw MSW to water. 

A topical report has been written (Thorsness, 1994) which outlines details of the model and 
discusses a variety of computed results, for both the hydrothermal process area and the overall 
plant. Selected results from the report are outlined here. 

This model has been used to compute a best estimate base case for a process utilizing 30 kg/s 
(2600 tonne/day) of raw MSW feed. The processing scheme employed for the pretreatment of 
the MSW was aimed at producing a water fuel slurry suitable for gasification in a Texaco slurry 
fed gasifier. For the base case 0.672 kmol/s of hydrogen are produced (equivalent to 192 MW of 
thermal energy based on hydrogen's higher heating value). 

The process modeled was arranged so that all effluents from the MSW hydrothermal 
pretreatment are fed to the gasifier thus avoiding production of foul water and gases. The 
introduction of effluent gases from the pretreatment step degrades the gasifier performance since 
the gases have C02 as a major constituent. However, because of the relatively low flow rate it is 
calculated that oxygen input to the gasifier would have to be increased by less than 2%, and this 
would lead to production of essentially the same amount of hydrogen. 

Two process modifications were identified which have the potential to materially increase the 
process performance by increasing the gasification efficiency. One is the removal of a larger 
fraction of the ash (inert) material present in the MSW. If nearly all the ash could be removed 
the gasifier efficiency would improve by more than 15%. Also, the addition of an auxiliary 
feedstock, heavy oil, would increase gasifier efficiency and probably be very attractive 
economically. Probably the largest potential for degradation in process efficiency from that 
computed for the base case would be a result of a lower solids content of the processed slurry. 
The base case assumes a content of 55%, which is an optimistic guess at the upper end of that 
achievable. However, a reduction in solid content could be compensated for by a decrease in ash 
content, the presence of dissolved organic matter and the use of auxiliary liquid 
feedstock. 



Direct Steam Heat Option 

In the indirect processing scheme, a large heat exchanger to heat the MSW slurry to reaction 
temperatures is employed. The heat exchanger allows heat to be transferred between the hot 
reacted slurry and the cold raw slurry. In this way only modest amounts of energy are required 
to heat the raw slurry to the desired reaction temperature. In order for this scheme to work, the 
raw slurry must have a low enough effective viscosity to allow it to be successfully heated in the 
heat exchanger. This means a raw solid loading of between 5-15 wt. %. This loading is far less 
then what is needed for an economically viable gasification process. Consequently, the reacted 
slurry in this scheme must be concentrated prior to its introduction into the gasifier. 

In addition, the relatively low solid concentration of the incoming slurry means that a very large 
heat exchanger is required. Further, it may be that fouling would be a real problem in prolonged 
operation of such a unit. For these reasons and others the option of heating the MSW to the 
required temperature using direct heating with high pressure steam was considered. 

The simplest means of utilizing direct steam heating of MSW would involve a batch process 
scheme. The shredded and classified raw MSW would be loaded into a pressure vessel and 
steam would be introduced. After maintaining the system at reaction temperature for the desired 
length of time the pressure would be gradually reduced, turning part of the water to steam which 
would cool the vessel contents. After reaching atmospheric pressure, the reactor would be 
unloaded and the hydrothermally altered MSW slurry would be ready to be fed to the gasification 
unit. 

Schematically this process is shown in Figure 4. The raw MSW is shredded and classified and 
then loaded into a reactor vessel. The batch operation is depicted in the figure as if it were 
continuous. The various stages of operation of the reactor vessel are labeled stage 1-3. Stage 1 
(not labeled in the figure) is the atmospheric loading of the classified MSW into the vessel. 
Stage 2 is the steam heating of the MSW feed with high pressure steam and stage 3 is the 
pressure letdodcooling phase. The gas and steam from stage 2 and stage 3 operations are sent 
to a condenser. The water collected in the condenser is shown being fed back into the process 
during the stage 3 operation. This water could also be mixed after the cool down process. 

The process scheme shown assumes that all the water entering the process will be present in the 
product slurry. One of the primary purposes of the modeling is to determine the final water 
content of the product slurry using this assumption. In theory, the final product slurry water 
content could be adjusted by addition or removal of water. However, if water removal is 
necessary then the processing would have to deal with a waste water stream. 

The scheme represented in Figure 4 is the simplest process for using steam to heat the raw MSW. 
However, it is not the most thermally efficient because the hot steam and gases which emerge 
from the reactor are simply sent to the condenser. Clearly, a more energy efficient process would 
involve recovering some of this waste heat. Such a modification requires additional pressure 
vessels and effective staging of the flow of treated MSW. Each pressure letdown stage would 
have a companion preheat bed which would effectively capture the heat energy in the steam 
released during the pressure letdown operation. Any number of stages could be envisioned. In 



Figure 5 a clockwise time sequence for operation with one preheat bed is shown. Four vessels 
are shown, one each for the four major stages of operation, loading, preheating, heatindreacting 
and pressure letdown. Assuming times for each operation are similar, all four vessels would be 
participating in one of the operations at all times and a load of product slurry would be produced 
every At time internal. Additional vessels can be added to optimize heat recovery. 

A topical report has been written which describes all of these additional conceptual process 
ramifications for direct steam heating in more detail (Thorsness, 1995a). Selected results are as 
follows. The product slurry produced by the process, based on recombining the condensate with 
the final product, has a solid content of 33 wt. %. If the condensate is not recombined with the 
final product then the product sluny would have a solid content of 52 wt %. It is interesting that 
these levels correspond very closely with desired values of 35-55 wt. % solids for a pumpable 
slurry product. 

The use of the term solid content needs some clarification. This term is meant to represent all the 
nonwater portion of the slurry. In the model described here all the solid and liquid products of 
decomposition are represented by the nonconventional species GORG, and in the model GORG 
is treated like a solid. In reality, however, the products of decomposition would involve some 
liquid and some soluble components. These components are included here in what is referred to 
as solid. 

Calculations done for the two preheat bed case indicate that there is an optimum pressure for the 
operation of the intermediate beds. At the optimum intermediate pressure, equal to 2.6 MPa, the 
computed results show considerable improvement in process performance compared to the zero 
preheat bed case. The injection steam flow is 1 1.1 kg/s compared to 21.2 kg/s, the solid content 
is 42.5 wt.% compared to 33.5 wt.% and the required cooling is 18.7 M W  compared to 43.6 
MW. Thus, a conceptual hydrothermal process in which direct steam heating is used to raise 
MSW to the required reaction temperature is capable of producing product slurries in the range 
of interest for gasification, 35-55 wt.% solids. Computations indicate that slurries at the lower 
end of this range can be produced with no waste water cleanup since all condensate is added 
back to the product. At the higher end, some waste water treatment would be needed, although 
no net water would be produced. In this mode of operation condensate from the cooling 
operation could be cleaned sufficiently to supply water for the steam generator. 

It appears that the use of multiple pressure vessels working together to recover waste heat would 
be the most efficient arrangement for direct steam heating of MSW in a hydrothermal processing 
scheme. Although a more complete design and accompanying economic evaluation is needed, it 
appears that a system in which two preheat stages are used is probably near the optimum. 
Furthermore, for systems in which preheat beds are used to capture waste heat there is an 
optimum pressure for operation of the companion intermediate pressure letdown stages. It is 
advantageous to operate the reaction stage somewhat above the minimum pressure which would 
maintain the water phase. This reduces the steam requirements at the expense of operating at a 
slightly higher pressure. Operating the reaction stage 1.5-2 MPa above the vapor pressure of 
water at the desired reaction temperature appears to be a good compromise between steam 
savings and increased operating pressure. 



The efficiency of the heat recovery using preheat beds is a very weak function of pressure 
difference between gas source beds and preheat beds. Pressure drop within vessels and potential 
entrainment is a concern. The most severe conditions are present in the final pressure letdown 
stage of the process. Velocities in this vessel have the potential of entraining particles 100 
microns or less in size. 

Interchange of heat between vessel walls and interior would reduce the efficiency of the process. 
For the two preheat bed case the difference between complete adiabatic operation and complete 
equilibration of vessel contents and wall results in an increase of steam requirements of 40%. 
The manner in which heat would move from vessel contents to wall is fairly complicated and 
additional work is needed to determine the exact impact of the vessel walls on the process 
efficiency. 

The wetter the MSW feed the less efficient the process. For the same operating conditions 
increasing the MSW feed water content from 25 to 35 wt.% increases the steam requirement by 
about 15 %. 

Using heavy oil, or other low cost fuel, as an additional feedstock to increase the efficiency of 
the gasification of the product slurry should be considered. A slurry containing 42.3 wtoh solids 
can be produced assuming adiabatic operation of a two preheat bed system needing no waste 
water treatment. Gasifying this slurry on its own would produce 0.49 kmol/s of hydrogen from 
30 kg/s of raw MSW, with a produced hydrogen to consumed oxygen mole ratio of 0.9. Adding 
16 kg/s of heavy oil feedstock to the gasifier along with the 37 kg/s of slurry would result in the 
production of 2.6 kmol/s of hydrogen with a hydrogedoxygen ratio of 2.6. 

Continuous Flow Direct Steam Heat Option 

The main advantage of the direct steam heat option is that heat transfer surfaces are not needed 
and the water content can conceivable be controlled so that no filtering operation is needed to set 
the desired high solids content of the final slurry. The primary drawback is that large amounts of 
expensive steam are needed or alternatively multiple high pressure vessels are needed to allow 
energy recovery at more modest steam requirements. 

On the other hand, the primary advantage of the continuous operation is that it is continuous and 
thus concerns over cycling of condensers, steam generators and fired heaters is eliminated. Its 
primary drawback is the fact that it relies on a large heat exchanger to move heat from the 
reacted slurry to the raw incoming slurry. It is not clear that the fouling of the heat exchange 
surfaces could be controlled to acceptable levels. Another drawback is that the direct product of 
the process is a low solids concentration slurry which needs to be concentrated by filtering of the 
product. 

A third process can be visualized which combines the direct steam heat and continuous 
operation. This process is like the batch-direct-steam-heat process in that no heat exchange 
surfaces are used, but at the same time it is continuous. The process involves starting with a 
pumpable raw slurry, on the order of 10 wt.% solids. The raw slurry is heated to near the 
required reaction temperature through a series of stages. Between each stage the pressure is 
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increased by means of a pump. Heating occurs in each stage by introduction of steam from a 
companion flash operation. The flash operations occur as the slurry leaving the primary reactor 
vessel is sent through a series of flash drums in which the pressure is reduced. The pressures of 
the flash operations are kept slightly above the pressure of the heat stage so that the steam flows 
freely from the flash to the heat vessels. The final trim of the temperature to the desired reaction 
temperature is obtained by injection of high pressure steam. 

Clearly, in this continuous-direct-steam-heat process there is a tradeoff between the number of 
stages and the amount of high pressure steam needed to achieve the desired reaction temperature. 
To determine the steam requirements as a hnction of number of stages a series of preliminary 
computations has been done assuming the slurry had the properties of water. Since the fluid has 
a relatively low solids concentration this simplification probably does not lead to serious error. 

The choice of the number of heat recovery stages would be made based on an economic 
evaluation. Decrease in steam requirements comes at the expense of more vessels and pumps 
and an increase in process complexity. In related processes, such as multi-effect evaporation five 
to seven stages often turns out to be the most economical. 

This continuous-direct-steam-heat process will work in principle. From an operational point of 
view possible failure modes include excessive frothing and resulting difficulty in pressure 
control during the pressure letdown operations. However, this difficulty would appear much less 
than the potential dificulty of fouIed of heat exchanger surfaces faced by the indirectcontinuos 
process. 

Transient Model of Pilot Direct Steam Heat Operation 

As a first step in investigating a steam heat option for preparing a suitable slurry from MSW 
some pilot scale experiments using shredded newspaper as a surrogate for MSW are planned. 
The planned pilot facility is shown schematically in Figure 6 .  The processing will be 
accomplished in a batch mode. First the newspaper will be loaded into the reactor vessel. The 
vessel will then be sealed and steam introduced into the reactor. As the temperature increases the 
pressure in the system will increase. At some point the upper pressure limit for the system will 
be reached. At this point the steam injection will be reduced and gas and steam will begin to exit 
through the pressure control back pressure control valve. After a suitable reaction time steam 
injection will be terminated and the system pressure will gradually be relieved by gradually 
opening of the pressure control valve. During the reaction and blow down phase, water vapor 
will be produced from the system and pass through a downstream condenser. M e r  the pressure 
letdown some water will also remain in the reactor and the dropout vessels. Scrubber and 
charcoal filter units in the downstream line insure that the noncondensable gas, primarily carbon 
dioxide, is suitable for discharge to the atmosphere. 

A transient model was formulated to allow estimates of the time history of the reactor and 
dropout vessels and their contents to be made. The system modeled consists of the two vessels 
connected together . Gas can exit Vessel 2 depending on the position of the control valve. 
Steam is introduced into the main reactor, Vessel 1. Heat can flow to/from the vessel walls and 



the environment or the vessel contents. An initial charge of newspaper is assumed to be present 
in the main reactor Vessel 1. Air is assumed to initially fill the void space in each vessel. 

Material and energy balances are written for the two vessels and energy balances for the vessel 
walls. It is assumed that the newspaper present in Vessel 1 undergoes a first order reaction to 
produce solid product, noncondensable gases and water. Three gas phase species, one liquid and 
two solid species are assumed present in the system. The gases are assumed to consist of air, 
noncondensable gas products from the decomposition and water vapor or steam. The only liquid 
species considered is water and the solids are newspaper and the solid product of the 
hydrothermal decomposition reaction. An overall decomposition reaction, 

Newspaper + a, (Solid Product) + a, (Water) + aG (Noncondesable Gas) 

is assumed, where a ' s  are the stoichiometric coefficients for the assumed overall reaction. The 
solid product coefficient is assumed to be expressed on a weight per weight of newspaper basis 
while the water and gas coefficients are assumed to be expressed on a mole per weight of 
newspaper basis. 

The transient model was used to explore many operating options and assumptions about the 
nature of the processes which would actually occur during a pilot run. Details of the results are 
presented in a topical report (Thorsness, 1995b). It was found that using a flow of 2 mol/s steam 
and a programmed reduction of pressure in the blowdown phase would yield modest velocities 
within the reactor system. The model indicates that because of the high heat capacity of the 
vessel walls it would be advantageous to preheat the walls of the primary reactor vessel 
externally to reduce the total amount of water which would be present in the vessel at the end of 
the process. At the same time to adequately cool the material and vessel walls after the 
decomposition external cooling of the reactor walls would be useful. Calculations indicate that 
forced air cooling using 6 mol/s (300 scfm) of air should be adequate to cool the system in a 
reasonable time. 

Calculations indicate that there is no need to insulate the knockout vessel. Uncertainties in the 
energetics of the decomposition reaction translate into uncertainties in computed estimates of the 
amount of water accumulating in the reactor vessel for a given set of conditions. The computed 
results indicate that for a doubling of the assume 0.39 MJkg heat of reaction the amount of water 
in the reactor vessel at the end of the process would increase by about 50%. 

The model results indicate that the total amount of condensate, resulting from a run, per unit 
newspaper declines as the amount of newspaper processed increases. For typical conditions an 
increase of 50% in the newspaper processed was found to decrease the final slurry product by 7 
wt.% water, when the final product is assumed to contain all the condensate from a run, 

The manner in which heat transfer occurs between the reactor vessel walls and the interior can 
have a substantial influence of the final water content of the reactor vessel. Model calculations 
indicate that the amount of water remaining in the reactor can change by a factor of two 
depending on the assumed heat transfer coupling between wall and contents. A drying front 
model was developed and incorporated into the model to try to address the heat transfer coupling 



issue. Computed results indicate that the actual system, in the absence of water movement 
within the reactor, will probably exhibit poor heat transfer between wall and reactor interior 
during the cool down period. 

Based on the calculations performed an operating strategy and scenario was developed for the 
first pilot test. This test would use an uninsulated knockout vessel and a reactor insulated with 
its walls preheated to 150 C, but providing a means to externally air cool the walls during the 
cool down period. A maximum reactor pressure of 6.3 MPa is assumed. Model results for this 
case using a 2 molls steam flow during the heatup phase indicate that the heatup time would be 
113 minutes, the maximum temperature 269 C and the final contents of Vessel 1 would contain 
43 wt.% solids (57 wt % water). After a 48 hour cool down period the contents of the reactor 
should have cooled to 39 C while the reactor walls will have cooled to 31 C. This initial 
experiment is tailored to insure a relatively high water content in the reactor during the 
decomposition of the newspaper. A feed which has a water to dry newspaper ratio of 0.5 was 
assumed in the calculations. This leads to a computed water content of about 70 wt.% during the 
reaction phase. 

Pilot Scale Processing 

Lawrence Livermore National Laboratory is renting from Texaco a 6 todday hydrothermal 
treatment facility. This facility, mostly mounted on two trailers, was transported from Texaco 
MRL to LLNL in January 1995, following negotiations and is currently undergoing modification 
to permit batch processing. The Texaco plant was originally built to continuously process sewer 
sludges and requires modification for use in MSW testing. All necessary permits have been 
obtained, and it is anticipated that initial shake-down will occur during early summer of 1995. 
Initial hot runs will be with approximately 200 kg of newspaper heated by direct steam injection 
to a temperature of 275 C. Figure 7 depicts the currently envisiaged layout of this facility. 

Conclusions 

Slurry viscosity at a given solids content was found to be strongly correlated both with the source 
material, and with the temperature and time of the hydrothermal treatment (Wallman, 1995). As 
expected, more severe conditions yielded better results. Treatment temperature could be lowered 
by a compensating increase in residence time. Quite unexpectedly, different paper grades 
produced different results with low-quality paper forming better slurries than high-quality 
papers. This finding points to the need for more exact feed characterization. Polyethylene plastic 
was not affected favorably by the batch hydrothermal treatment used in the bench-scale work. 
Hot blow down as part of hydrotreatment is proposed as a suitable treatment for the plastics. This 
will be investigated in future work in conjunction with expansion to other types of plastics. 

MSW has been modeled as a process materials for the production of hydrogen (Rogers, 1994). 
A series of process models have been development to allow evaluation of conceptual large scale 
process configurations and possible operating scenarios for a pilot scale facility (Thorsness, 
1994, 1995a, 1995b). Two of the models are steady-state models constructed using the ASPEN 



PLUS simulator and a third solves transient equations associated with operation of our pilot scale 
facility. These models provide a means of evaluating the overall process with respect to major 
inputs and outputs and changes in operating strategies. Advantages have been described with 
respect to direct steam injection as opposed to the extensive use of heat exchangers, and a 
conceptual process modeled for either a batch or continuous process stream. Economic 
considerations and experience from pilot scale-up are needed before a final decision can be made 
as to the optimal process configuration and parameters. A transient model has been developed to 
guide our initial pilot plant scale-up of MSW hydrothermal treatment. 

Because of the lower costs of implementing the direct steam heat option at the pilot scale, versus 
the indirect option, our initial pilot scale work will used the direct steam option to produce pilot 
scale quantities of slurry for initial pumping and gasification tests at Texaco MRL. LLNL is 
modifying a hydrothermal treatment facility obtained from Texaco in order to provide sufficient 
material for'these subsequent tests. Initial runs will be made with newspaper; based on 
computed results we currently plan for the first pilot experiment to use a dampened feed material 
containing a water-to-dry newspaper ratio of 0.5 to 1. The transient model predicts that this will 
result in a slurry product in the reactor vessel after cooldown containing 43 wt.% solids, 

Future Work 

The main activity for the remainder of FY95 will be modification and operation of the Texaco- 
built hydrothermal preprocessing pilot plant and experimental testing at LLNL. The initial 
experimental testing will be conducted with newspaper as surrogate MSW. Steam heating will 
be the initial processing option. The nominal capacity of the hydrothermal pilot plant will be 1 
todday (dry weight), but experimental runs will typically be limited to about 8 h. The objective 
is to demonstrate that the high-Btu-content slurry preparation process based on hydrothermal 
treatment works with an idealized MSW feedstock. Guidance will be gleaned from the 
appropriate modeling simulations. Information for our system study will also be gathered. 

Pumping tests of the produced slurry will be started at Montebello using feed slurry prepared 
from newspaper. Later gasification testing will be undertaken at the laboratory scale. We intend 
to quickly move into a demonstration of the ability to handle the plastic components of MSW. 
The primary plastic component present in MSW is polyethylene and preliminary testing has 
shown that this plastic melts but does not decompose during hydrothermal treatment. The 
dispersal of this and other plastics into solid particles no larger than 1 mm is essential to allow 
the produced slurry to be successfidly fed to the gasifier. Options to deal with the dispersal of 
plastic include the use of post or preprocessing mechanical shearing, hydrodynamic shearing 
during processing and shearing during pressure letdown. This later option is related to steam 
explosion used in the manufacture of masonite from wood byproducts. Each of these options is 
most appropriately addressed at the pilot scale. 

In addition, we plan to address the problem of the amount of raw MSW size reduction necessary 
prior to the hydrothermal treatment process. The amount of size reduction is tied closely to the 
particular process option contemplated. The indirect heating option, where heat exchangers are to 



be used, demands the greatest amount of initial size reduction. In this mode of operation a raw 
slurry capable of being successklly pumped through a heat exchanger is required. In the direct 
steam heat options this is not the case and larger particle sizes and higher initial slurry solid 
contents can be tolerated. Testing will be undertaken to determine the maximum particle size of 
which can be successfblly treated with direct steam heating. 

Depending on the results of surrogate testing extension to real MSW feedstock may begin in the 
later portions of FY96. The plan for FY97 calls for working towards testing of real MSW and 
integrated MSW-to-hydrogen tests at Montebello. Second iterations on the slurry test loop and 
gasification operation would be completed, with various pretreated MSW surrogates, 
components, and representative samples being supplied by LLNL. The hydrothermal 
pretreatment unit which is built on trailers will be transported to Montebello for continuous / 
batch test runs towards the conclusion of the year. One objective of these tests are to determine 
product qualities (including ash byproduct) in the face of varying feed quality (MSW is 
inherently more variable than other fuel feedstocks) and augmented, as necessary, with 
supplemental feed. Another objective for this year is to gather data for scale up of the process 
towards commercial size. A more-detailed economics study, including operational costs and 
potential initial market applications, will be initiated once the details of the processing had been 
narrowed in scope. 
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Figure Captions 

Figure 1 Effect of treatment severity on slurry viscosity using paper dunnage as the feedstock. 

Figure 2 Overall MSW to Hydrogen conceptual process model showing all major material and 
energy streams entering and leaving the overall process. 

Figure 3 The indirectlty heated continuous hydrothermal conceptual process. 

Figure 4 Hydrothermal conceptual process using high pressure direct steam heating. 

Figure 5 Process schematic for single preheat vessel case showing operation in each of four 
configurations (a-d). The sequence is repeated after 4Dt time units. 

Figure 6 Schematic of pilot process. 

Figure 7 Approximate configuration of pilot scale hydrothermal treatment unit, rented from 
Texaco MRL and undergoing modifications at LLNL. 
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