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Abstract

A process design study has been carried out to assess the feasibility of installing a small-scale municipal solid waste (MSW) gasifier on a
university campus. The objective was to gasify all the non-recyclable MSW produced on campus and then combust the gaseous product to
produce energy and electricity for the campus. Five energy generation combination scenarios were studied at two different mass gasification
rates. The scenarios involved hot water (based on site demand), electricity (only, less the demand for hot water) and excess hot water for
export (with electricity, with no electricity). Due to the high capital cost of generating electricity from a 10 tonnes per day MSW gasifier, the
optimum rate of return on capital investment is 14.8%. On a heat basis only a return of 23.4% is achievable. However, this optimum solution
is based on being able to export 60% of the hot water off campus. If an additional 10 tonnes per day MSW is imported onto campus the
optimum rate of return increases to 36.1% but over 75% hot water has to be exported. Alternatively, with 400 kW of electricity generation a
rate of return of 32.5% can be achieved at this higher mass throughput.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The concept of separating and recycling many materials
is well discussed2—4] but from an economic viability only
For many years strategic landfilling has been the most 25-40% of MSW seems viable over the next few years. Much
common method of disposal for the majority of municipal this-tins, cans, bottles etc.-can and is already done at source;
solid waste (MSW). The present study is based on researchtherefore a major problem still exists. In the late sixties and
in Hong Kong, whose waste management problems are typi-seventies there was a tremendous worldwide drive towards
cal of many countries, possibly more, because of the shortageMSW incineration, however, lack of technical knowledge led
of land and high land prices. The population is predicted to to serious emission problerfts 6] and the disrepute of these
rise from the current 6.8-9.6 million in the next twenty years incinerators. The development and better understanding of
with Hong Kong’s integration into China. There are currently combustion technology throughout the eighties has led to
three landfill sites in operation that will be fullin 10-12 years. a new generation of large-scale highly effective MSW in-
The construction of these sites cost US$ 750 million, their an- cinerators/thermal processing units meeting highly stringent
nual running costs are US$ 45 million, the total landfill sites emission limit guideline§r-9].
area of 270 hectares is worth US$ 1000 million as agricul-  The current status of waste management embraces many
tural land and over US$ 3000 million as prime real esihte options[10,11] and encourages many new and novel con-
Therefore, there are tremendous economic, social and envicepts. This includes the large application of recycling solid
ronmental factors that justify the search for alternative solid waste into cement processifif,13]
waste management options. In spite of all these potential opportunities, one of the ma-
jor cost factors in solid waste management is collection and
transportatiorjl14,15], usually over significant distances, for
final handling and disposal. Each load comprises relatively
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Therefore, if the transportation phase can be eliminated, ini- ated at a commercial facility consist of only paper products,
tial collecting and sorting efforts minimized, and final dis- the use of special processing equipment, such as shredders
posal costs reduced; then there are significant financial sav-and balers, may be appropriate. Separate collection may also
ings to be recouped. However, if the transportation distancesbe considered if the city or collection agency is involved
are to be reduced or eliminated then there are two restrictingin a paper-products recycling program. Physical composi-
factors, firstly, there must be a centralized high density popu- tion is the term used to describe the individual components
lation and, secondly, the process application must inevitably that make up a solid waste stream and their relative distri-
be small or medium scale therefore, making profitability more bution, usually based on percent by weight. Typical data
difficult. from EPD on the distribution of MSW in Hong Kong (2001)
The present paper describes a process which could beare presented iffable 1 [1] The municipal solid waste is
carried out at industrial estates, large commercial centers,mainly divided into two types-domestic waste and commer-
large holding camps, prison complexes or university cam- cial & industrial waste. FronTable 1 putrescibles, paper
puses. This study was carried out at a relatively isolated and plastics are the major components constituting about
university campus in Hong Kong having twelve thousand 76% of the municipal solid waste, representing about 33.1,
personnel working on site during the day and a permanent26.7 and 16.6%, respectively. Other minor components in-
resident community of three thousand people. The total site cluded textiles (3.2%), metals (3.0%), glass (3.1%), bulky
energy/utility costs are US$ 6.9 million per year. The first waste (3.5%), and wood/rattan (4.3%) and the average mois-
phase of the waste management project was to establish dure content for municipal solid waste is 28%. It will be nec-
site wide network for the collection of cans, metals, glass, essary to determine more accurately typical physical com-
plastic, computer cartridges, special paper/cardboard frac-positions of MSW at HKUST in the future, if the feasibil-
tions, computers and accessories, composting systems foity study of the MSW gasification process at HKUST is to
vegetative wastes etc. The second phase, and the purpose dfe continued.
this study, was to undertake a theoretical study to design and
carry outthe economic evaluation of a small-scale gasifierfor 2 2 - chemical properties of municipal solid waste
the residual solid waste to produce energy for the provision (MSW)
of the site utilities. The systems studied were to provide: (1)
electricity only; (2) hotwater only, and (3) both electricityand  |nformation on the chemical composition of the compo-
hot water. nents that constitute MSW is important in evaluating alter-
native processing and recovery options. The feasibility of
combustion depends on the chemical composition of the mu-

2. Municipal solid waste characteristics nicipal solid waste. Determining the elemental composition
of MSW by ultimate analysis is a key factor for the detailed

2.1. Physical composition of municipal solid waste design of the MSW gasification plant and helps confirm the

(MSW) accuracy of material and energy balances of the MSW gasi-

fication process. The ultimate analysis of a MSW compo-

Information and data on the physical composition of solid nent typically involves the determination of the percent of

wastes are important in the selection and operation of equip-carbon (C), hydrogen (H), oxygen (O), nitrogen (N), sul-
ment and facilities, in assessing the feasibility of resource fur (S) and ash. Because of the concerns over the emission

and energy recovery, and in the analysis and design of land-of chlorinated compounds during combustion, the determi-

fill disposal facilities. For example, if the solid wastes gener- nation of halogens is often included in an ultimate analy-

Table 1
Physical composition of MSW in Hong Kong (2001)
Physical component Quantity (tpd) and percentage by weight

Domestic waste (a) Commercial & industrial waste (b) Municipal solid waste (c) = (a) + (b)
Bulky wasté& 223 (3%) 106 (5.9%) 329 (3.5%)
Glass 260 (3.4%) 28 (1.6%) 288 (3.1%)
Metals 232 (3.1%) 52 (2.0%) 284 (3.0%)
Paper 2003 (26.6%) 490 (27.3%) 2493 (26.7%)
Plastics 1210 (16.0%) 334 (18.6%) 1544 (16.6%)
Putrescibles 2792 (37.0%) 299 (16.7%) 3091 (33.1%)
Textiles 224 (3.0%) 73 (4.0%) 297 (3.2%)
Wood/rattan 152 (2.0%) 247 (13.7%) 399 (4.3%)
Other$ 444 (5.9%) 166 (9.3%) 610 (6.5%)
Total 7540 (100%) 1795 (100%) 9334 (100%)

a Bulky waste-big furniture, household machine (e.g., refrigerator, air condition and washing machine), it is assumed to include 50% wood ant 50% meta
b Others-ash, pottery, dirt (e.g., office/house, sweepings).
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Table 2 Table 3
Typical data on the ultimate analysis of the combustible materials Energy content of MSW in Hong Kong (2001)
Type of waste Percent by weight (dry basis) Physical component 100 kg MSW

Carbon Hydrogen Oxygen Nitrogen Sulfur Ash MSW (kg) Energy, Btu/lB  Total energ, Btu
Bulky wasté 270 33 234 0.2 0.1 460 Bulky waste 35 4,150 31,955
Glass 05 01 04 <01 0 989 Glass 3.1 60 409
Metals 45 0.6 43 <01 0 905 Metals 3.0 300 1,980
Paper 435 6.0 440 0.3 0.2 6.0 Paper 26.7 7,200 422,928
Plastics 60 7.2 228 0 0 100 Plastics 16.6 14,000 511,280
Putrescibles 48 6.4 376 2.6 04 50 Putrescibles 33.1 2,000 145,640
Textiles 550 6.6 312 45 0.2 25 Textiles 3.2 7,500 52,800
Wood/rattan 4% 6.0 427 0.2 01 15 Wood/Rattan 4.3 8,000 75,680
Other$ 26.3 30 20 0.5 0.2 680 Others 6.5 3,000 42,900
MSW (average) 43 5.6 321 11 0.3 171 Total 100 1,285,572
Note The estimated composition of MSW is based on the data in Heat value of MSW (Btu/lb) = 5843.5
Tables 1 and 2 Heat value of MSW (kJ/kg) = 13592.0

a Bulky waste-big furniture, household machine (e.g., refrigerator, air
condition and washing machine), it is assumed to include 50% wood and
50% metal.

b Others-ash, pottery, dirt (e.g., office/house, sweepings).

Note 1 Btu/lb x 2.326 =1 kJ/kg.
a Adapted in part from Tchobanoglous et al. (1988)
b As discarded basis.

3. Process design and description

sis. The results of the ultimate analysis are used to char-
acterize the chemical composition of the organic matter in 3-1. Process description
MSW. Representative data on the ultimate analysis for the
typical MSW components given ifiable lare presented in This municipal solid waste (MSW) gasification plant is
Table 2 [4] The average chemical composition of munici- designed to gasify 10tonnes of MSW per day since HKUST
pal solid waste is estimated and is showrTable 2 The generates about 10.7 tonnes of municipal solid waste daily.
major elements are carbon (43.9%), oxygen (32.1%) andA fixed bed shaft type gasifier operating at atmospheric pres-
ash (17.1%) accounting for around 93% of MSW in Hong Sureis used to gasify the MSW. Before feeding the MSW into
Kong. Other elements include hydrogen (5.6%), nitrogen the gasifier, a simple system for processing MSW into refuse
(1.1%) and sulfur (0.3%). In the calculation of the mate- derived fuels suitable for the gasifier is needed. This system
rial and energy balances of the MSW gasification process, Will consist of grinding, mixing and compacting of MSW to
the difference, 0.8% of chlorine is assumed to be presentProduce bales (fuel blocks). The MSW bales are automati-
and has been used to simulate the formation of the chiori- cally batch-fed into the gasification and combustion zone at
nated compounds during gasification. The specific chemical the bottom of the primary chamber via load chamber at the
compositions of MSW at HKUST can be determined by el- top of the gasifier. The MSW bales are exposed to primary air
emental analysis and will be determined in future if the fea- fromthe underneath, a partial combustion of MSW take place
sibility study of the MSW gasification process at HKUST is  at substoichiometric conditions generating a burned-out ash
to proceed. in the bottom zone of the gasifier. The gasification rate is
controlled by the injection of primary air through nozzles at
the bottom of the gasifier and the temperature of the bottom
2.3. Energy content of municipal solid waste (MSW) zone of the gasifier is kept at 800-9GD in order to ensure
the bottom ash remains as solid and does not melt.

After estimating the elemental Composition of the MSW, The generated hot gas from the primary chamber is then
the energy content of the MSW can be determined. Typi- fed to the secondary combustion chamber mixing with a sec-
cal data for the energy content for the components of MSW ondary air for final combustion. Additional fuel may be sup-
are reported infable 3 Based on 100kg of MSW and us-  plied in this unit again to maintain a high combustion tem-
ing the physical components ifable 1 the total energy  perature (900—1100C) with a residence time of not less than
content of the MSW using the data givenTable 3is es- 2 55to reduce the formation of NOThe outlet temperature
timated and is also shown ifable 3where the energy con-  of the secondary combustion chamber is high so that harmful
tent values are on an as discarded basis. The energy conmaterials are destroyed. Following the secondary combustion
tent value of MSW in Hong Kong is 5843.5Btu/lb that chamber the flue gas is led into a cyclone for complete com-
compares well with the typical value of 5000 Btu/j4)]. bustion. The particles (greater than 20 micron) are separated
The specific energy content of MSW at HKUST can be out, collected and discharged at the bottom of the cyclone.
determined by using a laboratory bomb calorimeter based  The hot flue gas coming out from the cyclone is then
on the elemental compositions of MSW (found by the treated with NH for NOy reduction in a selective non-
elemental analyzer). catalytic reactor (SNCR). After taking away N@nd dust,
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the flue gas at around 95Q flows to a steam boiler for en-  system. Microsoft Excel has been chosen as the software to

ergy recovery; and electricity is generated by a steam turbine.simulate the whole MSW gasification process in order to find

Then, a heat exchanger is used to produce hot water from theout all the information required in the economic evaluation

remaining heat. The steam turbine and heat exchanger syssuch as the gasification rate of MSW, the sizing parameter of

tem are designed to cool down the flue gas to around@00  each operating units, temperature of the process, heat energy

The driving force of the gas flow through the gasifier and the (MSW) in the rotary kiln system, etc. The basic principle for

energy recovery system is a slight suction-pressure createdoth material and energy is based on the law of conservation

by the flue gas fan. of mass and energy in a continuous steady-state process. The
Flue gas coming out from the heat exchanger will then general mass balance equation is:

enter a lime scrubber unit for HCl and $&moval. At the ] ]

same time, activated carbon is fed with lime in order to re- INPUt+ Generation= Output+ Consumption

move trace heavy metals, HF, organic chemicals at around + Accumulation

180°C in the scrubber. The tail gas is then sent to the stack

after removing fly ash and fine particles using a bag-house

filter system. A continuous-emission-monitoring unit is in-

stalled at the end of the pipe to ensure that the quality of the

gas emission does not exceed the government set limits. The ) ) o
process flow diagram is shown Fig. 1 4.1. Economic evaluation and feasibility

4. Results and discussion

The aim of this study is to present information regarding
the economic feasibility for the installation of a power gener-
ating MSW gasifier at HKUST. The technical feasibility and
the process routes have been established and outlined in the
previous section. For the purpose of this economic study, the
¥nass balance information at different scenarios presented in
Section3 has been used. This economic evaluation is based
on the gasification of 10tonnes MSW per day, the rate of
1. The energy recovery systems of the MSW gasification production of 85C hot water is 15 fiper hour and 225 kW

plant include both an electricity generation system and electricity will be generated by the MSW gasification process

a hot water production system and 10tonnes per day of (scenario (1)).

MSW will be gasified. The hot water will be supplied to The following steps were undertaken to establish the eco-

the existing domestic hot water system and will also be nomical viability of the MSW gasifier plant proposed in this

usedinthe rest ofthe student or staff hostels (new domesticproject. The complete cost estimation of the plant is included
hot water system). into two main parts—total capital investment and production

2. The energy recovery systems of the MSW gasification COSt. A detailed breakdown of each part is given in the fol-
plant include both the electricity generation system and lowing sections.

the hot water production system and 10 tonnes per day of

MSW will be gasified. The hot water will be supplied to 4.2. Total capital investment

the existing domestic hot water system only.

3.2. Scenarios of the MSW gasification process

Five scenarios have been studied for the MSW gasifica-
tion process to examine its economic feasibility. The main
differences between each scenario are the energy recover
systems and the daily gasification flowrate of the MSW. The
scenarios are listed as follows:

3. Only electricity generation is involved in the energy re- Before a plant can be put into operation, a large sum of
covery system and 10tonnes per day of MSW will be money must be supplied to purchase and install the necessary
gasified. machinery and equipment. Land and service facilities mustbe

4. Only hot water is produced in the energy recovery system obtained, and the plant must be erected complete with all pip-
and 10tonnes per day of MSW will be gasified. The hot ing, controls, and services. In addition, itis necessary to have
water is utilized in both existing and new domestic hot money available for the payment of expenses involved in the
water systems. plant operation. The capital needed to supply the necessary

5. Only hot water is produced in the energy recovery system manufacturing and plant facilities is called the fixed capital
and 10tonnes per day of MSW will be gasified. The hot investment and includes direct and indirect costs, while that
water is utilized in existing domestic hot water systems necessary for the operation of the plant is termed the work-
only. ing capital. The sum of the fixed capital investment and the

working capital is known as the total capital investment.

3.3. Process simulation
4.3. Costing for the major plant items
A material and energy balance simulation program of the
MSW gasification process has been developed to carry out Most cost information was provided and obtained by Al-
the costing and economic evaluation of the MSW gasification lied Process International Company, Matches Company and
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reference bookd 6,17] The expected error into the factored 4.6. Working capital

costing estimation i=20-30%. The total cost of the major

plant equipment items is US$ 972,047. We have assumed an  The working capital for an industrial plant consists of the
additional factor of 15% for carrier delivery of those equip- total amount of money invested in raw materials and sup-
ment items to HKUST; hence the total delivered equipment plies carried in stock, finished products in stock and semi-
costis US$ 1,117,854. The equipment items are for a procesdinished products in the process of being manufactured, ac-
with a processing rate of 10tonnes MSW per day, the gen- counts receivable, cash kept on hand for monthly payment of
eration of hot water and electricity production. The range of operating expenses, such as salaries, wages, and raw-material
process options considered in this limited project is presentedpurchases, accounts payable and taxes payable. The ratio of
in Section3 and will be discussed in the following sections. working capital to total capital investment varies with differ-

A “Lang” factor method is used to calculate the rest of ent companies, but most chemical plants use an initial work-
the capital investment based on the total purchase equipmentng capital amounting to 5-20% of the total capital invest-
cost. This technique, proposed originally by L], is ment. This percentage may increase to as much as 30% or
used quite frequently to an accuracy020-30%. This ap-  more for companies producing products of seasonal demand
proach recognizes that the cost of a process plant is obtainedecause of the large inventories. In this project, the working
by multiplying the basic equipment cost by some factor to capital is assumed to be 10% of the total capital investment
approximate the total capital investment. The rest of the cap- since the MSW gasification plant is a single process with lit-
ital investment is divided into direct costs and indirect costs tle finished storage (ash). The working capital of this MSW
of the project fixed capital cost. gasification plant is US$ 541,390. The total cost for the en-
vironmental impact assessment and the HAZOP studies is
estimated to be around 2% of the total capital investment,
which will be US$ 108,278.

Besides the equipment cost, many other factors should be
considered in the estimation of the capital investment such 4.7. Summary
as installation, piping and site development in order to com- dding the di | indi | i
plete the process plant. The direct-cost items that are incurred Bya Ing the direct plantcost, in wectpanthst, working
in the construction of a plant, in addition to the cost of the caplt_al and the costs of ElAand HAZOP, th_e to_tal nvestment
equipment items are: (1) purchased-equipment erection, in_re_quwe(_j can be estimated. The total capital investment for
stallation; (2) piping, including insulation and painting; (3) th|s_pro_ject Is US$ 5,413,902 The.c_ost.summary of-the total
electrical equipment and materials, power and lighting; (4) capital investment of the MSW gasification process is shown

instrumentation and controls; (5) process buildings and struc- in Table 4
tures; (6) yard improvements (site development); (7) service
facilities (utilities), provision of plant for steam, water, air,
firefighting services and (8) land.

The total direct plant cost of the MSW gasification pro-

cess is US$ 3,235,224, A continuous-emission-monitoring X X o
(CEM) unit is installed at the end of the pipe to ensure the other equally important part is the estimation of the cost of

quality of the gas emission does not exceed the govemmemoperating the plant. The total production cost is generally di-
set limits in the MSW gasification plant. The cost of CEM vided into the categories of manufacturing costs and general
including installation is US$ 160,256 hence, the revised to- EXPENSes. All expenses directly connected with the manufac-

tal direct plant cost of the MSW gasification process is US$ turing operation or the physical equipment of a process plant
3395 480. itself are included in the manufacturing costs. The manufac-

turing costs are divided into two main groups as follows: (1)
) fixed operating costs and (2) variable operating costs. The
4.5. Indirect costs general expenses are involved in any company’s operations.

4.4. Direct costs

4.8. Production costs

The determination of the necessary capital investment is
only one part of a complete cost and evaluation estimate. An-

In addition to the direct cost of the purchase and installa-
tion of equipment, the capital cost of a project willinclude the Table 4

indirect cost the process plant. The indirect-cost it¢ht§ Summary of the total capital investment of the MSW gasification plant
that are incurred in the construction of a plant are: (1) engi- Percent uss
neering and supervision;.(Z) construction expense; (3) €oN-pejivered-equipment cost B 1278111
tractor’s fee, and (4) contingency. The total direct plant cost Direct cost (including equipment cost) a2 3,395,480
of the MSW gasification process is US$ 1,368,754. Hence, Indirect cost 28 1,368,754
the fixed-capital investment of the MSW gasification plantis Working capital 10 541,390
EIA and HAZOP 20 108,278

US$ 4,924,491, which is equal to the sum of the direct plant
cost and indirect p|ant cost. Total capital investment 100 5,413,902
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Table 5 Table 6
Summary of the fixed operating cost items and its factors Estimated prices of raw materials
Fixed operating costs items  Values used in the gasificatitsS$/year Raw material Quantity Price Cost
project (per annum) US$/unit (US$lyear)
1. Maintenance 4% of fixed capital investment 190,569 Municipal solid waste 3,300tonnes 0 0
2. Operating labour Three shift workers (HK$ 92,308 Lime Ca(OH)2 39,600kg Q1/kg 4,356
20,000 per month) Ammonia anhydrous 3,960kg .2D/kg 792
3. Laboratory costs 20% of operating labour 18,462 Activated carbon 2,250kg 8/kg 3,375
4. Supervision 20% of operating labour 18,462 Total = 8523
5. Plant overheads 25% of operating labour 23,077 - !
6. Capital charges Not applicable 0
7. Insurance 1.25% of fixed capital invest- 59,553 Table 7
ment Estimated costs of utilities in the MSW gasification process
g' I'ic())czllttiaezes 'N\Igtt :ppllilgzs:s g Utility Quantity Price Cost
- ROy PP (per annum) US$/unit (US$lyear)
Total fixed operating cost per year = 4630 Electricity 633,600 kWh 0.095/kWh 60,192
Water 1,900 A 0.92/n? 1,748
The total production costs are calculated on an annual basisrotal = 61,940
in this project.
Table 8
4.9. Fixed operating costs Summary of the variable operating cost items
Variable operating costs items US$lyear
Fixed operating cost are expenses which are practically g,y materials 8523
constant from year to year and do not vary widely with uytilities 61,940
changes in production rate. These are the bills that have to beMiscellaneous materials 9,528
paid whatever the quantity of “product” produced. The items Shipping and packaging 0
of the fixed operating costs are: (1) maintenance; (2) oper- Total 79,991

ating labour; (3) laboratory cost; (4) supervision; (5) plant
overheads; (6) capital charges; (7) insurance; (8) local taxes . ] ]

and (9) royalties. The capital charges represent interest onPUrging) and the quantity of water usage is 1960uer year.

a capital loan, which is often recovered using a depreciation Another utility required in the gasification is electricity in
technique. We have not considered this but when considering?Vhich the electricity is mainly used to drive all the motors in
the return on investment this fact should be considered. Thethe plantand the consumption is estimated at 80 kW. The cost
typical value of capital charges is 15% of the fixed capital. of miscellaneous materlals is taken as 5% of the mamte.naljce
Moreover, no selling products are produced in this process; €0St and the costis US$ 9,528 per year. The cost of shipping
local taxes and royalties will be zero. The fixed operating nd packaging is negligible in this process. The total variable
cost items and its factors using in this project are presentedOPerating costs are summarisediable 8 The annual total

in Table 5 the total fixed operating cost is US$ 402,430 per manufacturing cost, the sum of fixed and variable operating
year. cost, is US$ 482,421.

4.10. Variable operating costs 4.11. General expenses

Variable operating costs include expenses directly associ- Besides, the fixed and variable manufacturing costs, other
ated with the manufacturing operation and they are dependengeneral expenses are involved in any company’s operations.
on the amount of product produced. The variable operating These general expenses are administrative expenses, distri-
cost items are: (1) raw materials; (2) utilities; (3) miscella- bution and marketing expenses, research and development
neous operating materials and (4) shipping and packaging. €Xxpenses and gross-earnings expense. The general expenses

The plant will be operated for 330 days of the year with the Of the MSW gasification plant, 15% of operation labour, are
rest of time for maintenance and 10tonnes per day of MSW US$ 13,846 per year.
will be gasified in this MSW gasification plaritable 6shows
the raw material required and the corresponding estimated4.12. Summary
prices per year for the MSW gasification process. The prices
given are delivered prices. The amount of different utilities By adding the fixed operating cost, variable operating cost
required per annum and the current cost of utilities for the and general expenses, the total production cost required can
MSW gasification process are shownTiable 7 We have be estimated. The annual total production cost for this MSW
assumed 5% of water in the close-loop boiler system will gasification projectis US$ 496,268. The cost summary of the
be lost during the gasification process (from blowdown and total capital investment of the MSW gasification process is
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Table 9 Table 10
Summary of the total production cost of the MSW gasification plant Revenues for different energy recovery systems in scenario (1)
Percent US$lyear Energy recovery system Revenue (US$/year)

Fixed operating cost 809 402,430 Electricity generation system 151,529

Variable operating cost 162 79,991 ACMV hot water system 197,161

General expense .» 13,846 Existing domestic hot water system 346,784

Total production cost 1000 496,268 New domestic hot water system 583,779

Total 1,279,253

shown inTable 9 More than 80% of total production cost
is due to the fixed operating costs, particularly maintenance

and operating labour. 197,161) annually. The remaining heat energy is used to pro-
vide 65°C hot water in the usage of domestic system. The
4.13. Revenues for the gasification process volume of 65°C hot water produced by the MSW gasification

plant after generating electricity and supplying heat energy
The revenues of the MSW gasification process options to the ACMV system is 152,286.4iThe hot water usage
mainly come from the generation of electricity and the pro- in 2001 for the domestic system is 56,647 end it costs
duction of hot water by utilizing the waste heat energy from HK$ 2,705,123; the price of hot water produced by the town
the flue gas. The electricity can be supplied to the academicgas boiler in the domestic system is HK$ 47.75 per cubic
building and the hot water can be used for domestic usagemeter. Around 37.2% of hot water produced from the MSW
on campus such as in the student halls, main buildings andgasification plant can be fully supplied to the existing hot
also for dehumidification purposes in the academic building. water system and the revenue, saving HK$ 2,705,123 (US$
Each of the ten scenarios for MSW gasification mentioned in 583,779) annually. If the rest of hot water (62.7%) can be
Section3 will produce different revenues due to differences supplied and used in the other staff or student towers/hostels,
in the designs of each of the energy recovery systems. Thethe potential revenue of the new domestic hot water system is
revenues of scenario (1) of MSW gasification process are HK$ 4,553,479 (US$ 583,779) per year. The revenues of the
shown below: MSW gasification plant in different energy recovery systems
Scenario (1): The MSW gasification process is designed are shown inTable 10and the annual total revenue of the
to gasify 10tonnes per day of MSW and the energy recovery MSW gasification process in scenario (1) is HK$ 9,978,173
systemincludes both the electricity generation system and the(US$ 1,279,253).
hot water production system (ACMV system, both existing Other scenarios: For the other MSW gasification scenar-
and excess hot water domestic systems). ios (see SectioB), due to the different designs of the energy
For an electricity generation system, typically, 1 kg mu- recovery systems and different plant capacities, the revenues
nicipal solid waste can produce 0.4-0.6 kWh of electric- and the quantities of energy recovered are diffefEaible 11
ity by the combustion proced48]. Therefore, 10tonnes summarizes the energy recovery options used in each of the
per day of MSW can generate approximately 5000 kWh ten scenarios including a comparison of the revenues and en-
per day (208 kW) and the annual electricity generation is ergy outputs. For scenario (2), without utilizing the excess
1,650,000 kWh, if the plant is assumed to operate 330 daysamounts of hot water, the annual total revenues of the MSW
per year. According to the calculated material and energy bal- gasification plant (10tonnes per day) including electricity
ances in the MSW gasifier simulation program, if the elec- generation, ACMV and domestic hot water systems are US$
tricity generation efficiency of the steam turbine is 1R%), 695,424. If the MSW gasification plant only generates elec-
and the energy content (wet basis) of the MSW at HKUST tricity from 10 tonnes MSW per day, scenario (3), the total
is 13,592 kJ/kg (see Secti@), then the MSW gasification  revenues will be US$ 151,452 per year. On the other hand,
plant will generate 4837 kWh (202 kW) electricity per day if the MSW gasification only produces hot water utilizing in
and the annual electricity generation will be 1,596,389 kWh. the existing hot water system at HKUST (ACMV and do-
Thus the results from two different estimation methods are mestic systems), scenario (5), and the total revenues are US$
very close and comparable. According to the electricity bills 543,972 per year.
from China Light Power (CLP) Company (Hong Kong), the Increasing the gasification capacity of MSW from 10 to
charge of electricity is 74 HK cents per kWh unit. Hence, 20tonnes per day in all five scenarios, it will generate five
the potential revenue from the electricity generation system more scenarios (scenarios (6)—(10), as showTainle 13,
is HK$ 1,181,328 (US$ 151,452) per year. the MSW plant will generate twice the amount of electricity
The rest of the waste heat energy from the flue gas, 4466(403 kW) and will provide US$ 303,113 per year in revenue
MJ/h, is used to produce hot water for the domestic circuit (scenario (8)). The revenues of both existing domestic and
and the ACMV system. In 2001, the total energy consump- ACMV hot water systems are fixed for all scenarios involving
tion of the ACMV system was 4,669,863 MJ and 13.7% of hot water production systems (except scenarios (3) and (8))
flue gas energy can be utilized to provide all the energy re- and they are US$ 346,811 and US$ 197,161 per year, respec-
quired in the ACMV system to save HK$ 1,537,854 (US$ tively. If the excess amounts of hot water can be used in a new
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Table 11
Revenues for different scenarios of the MSW gasification plant

Scenario (MSW capacity) Revenue (US$/year) (quantity)

Electricity ACMV hot water  Existing domestic hot water ~ Excess domestic hot water ~ Annual total revenue
1 (10 tpd) $151,529 (202kw)  $197,161 $346,784 (7.38in $583,779 (1D4nP/h)  $1,279,253
2 (10 tpd) $151,452 (202kw)  $197,161 $346,811 (7.28n - $695,424
3 (10 tpd) $151,452 (202kw) - - - $151,452
4 (10 tpd) - $197,161 $346,811 (7.15/m) $904,742 (1&6m’/h)  $1,448,686
5 (10 tpd) - $197,161 $346,811 (7.15/m) - $543,972
6 (20 tpd) $303,113 (403kw)  $197,161 $346,784 (7.2 $1,693,589 (343 nP/h)  $3,193,058
7 (20 tpd) $303,113 (403kW)  $197,161 $346,811 (7.28m - $847,057
8 (20 tpd) $303,113 (403kw) — - - $303,113
9 (20 tpd) - $197,161 $346,811 (7.15/m) $2,346,234 (489 P/h)  $2,890,179
10 (20 tpd) - $197,161 $346,811 (7.18/m) - $543,972

domestic hot water system, this has the potential to generateate of return of different processes can be calculated and the
significant additional revenuesin scenario (1) (US$ 583,779), rate of return of each scenario is also showmable 12 The
scenario (4) (US$904,742), scenario (6) (US$ 1,693,589) andannual profit and the rate of return for the MSW gasification
scenario (9) (US$ 2,346,234) per year. However, it may not plant in scenario (1) are US$ 782,985 per year and 14.79%,
be possible to utilize all the hot water (48.38/h) that can respectively. Scenarios (3), (8) and (10) are not profitable.
be generated by the new domestic hot water system in the rest

of the hostels/towers at HKUST and produce this additional 4.15. Rate of return for different scenarios

annual revenue of US$ 2,346,234 since the demand of hot

water by the students and staff in the hostels may not be so From Table 12 the order of these rates of return is

large. . . L . scenario (9) (36.08%)>scenario (6) (32.54%)>scenario
On the other hand, increasing the gasification capacity of (4) (23.38%)>scenario (1) (14.79%)>scenario (2)

MSW from 10 to 20 tonnes per day in scenarios (6)—(10) will (3.76%) > scenario (7) (2.25%)>scenario (5) (2.43%).
also increase the variable operating cost of the process Sincieiurthermore, the reciprocal of these percentage rates of
a(_jditiona_ll 10tannes MSW are to be brought in from the out- returns give us the simple “payback” times for the project.
lying regions. T_he cost of MSW tre_msport IS HK$ 30-HK$ Since the annual profits of scenarios (3), (8) and (10) are
110 per tonne in Hong Kong. at different districts and the negative (these only include electricity generation in the
average MSW transport cost is a round H.K$[BB]' The're— energy recovery system), then these scenarios of the MSW
fore, the cost of MSW transport in scenarios (6)—(10) is US$ gasification process do not provide any economic return on
23,269 per year. the total capital investment (i.e. no rate of return value).
The higher values of rate of returns in scenarios (9), (6),
4.14. Economic evaluation (4) and (1) are based on utilizing of the large amounts
of hot water (surplus to requirements) produced from the
The total income minus the total production cost gives the MSW gasification process in the hostels/towers at HKUST.
annual profit made by the MSW gasification operation, ignor- However, the amount of hot water produced from the MSW
ing tax. The annual profits of the different scenarios of the gasification process is greater than the current usage of hot
MSW gasification process are presente@dhble 11 By com- water in HKUST. Therefore, the usage of this excess amount
paring the annual profit with the total capital investment, the of hot water in the domestic system is potential revenue

Table 12
Annual profit and rate of return (ROR) for different scenarios of the MSW gasification plant
Scenario (MSW capacity) (USslyear)

Total capital investment Total production cost Total revenue Annual profit Rate of return (ROR)
1 (10 tpd) $5,293,593 $496,268 $1,279,253 $782,985 T9%4
2 (10 tpd) $5,293,593 $496,268 $695,424 $199,156 .76%
3 (10 tpd) $5,217,230 $477,474 $151,452 —$326,022 -
4 (10 tpd) $4,317,347 $439,111 $1,448,686 $1,009,575 .3828
5 (10 tpd) $4,317,347 $439,111 $543,972 $104,861 A43%
6 (20 tpd) $7,747,046 $672,385 $3,193,058 $2,520,673 .5432
7 (20 tpd) $7,747,046 $672,385 $847,057 $174,672 .25%
8 (20 tpd) $7,614,661 $650,843 $303,113 —$347,730 -
9 (20 tpd) $6,356,624 $596,661 $2,890,179 $2,293,518 .08%6

10 (20 tpd) $6,356,624 $596,661 $543,972 —$52,689 -
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and necessary for a reasonable ROI (>20%). If the excessitems are provided from European and American companies.
hot water cannot be utilized, the rate return of the MSW In general, the price of the equipment items bought and con-
gasification process is fairly low such as represented by structed from Chinese contract companies are much cheaper
scenarios (2), (5) and (7). A significant conclusion is that than the European and the American companies and the po-
there is only a small amount of electricity produced from the tential cost savings of the equipmentitems can save more than

gasification scheme. 50%. Therefore, if the costs of the MSW gasifier, MSW feed
handling system are steam turbine can be halved, the total
4.16. Sensitivity analysis investment of the MSW gasification plant in the scenario (1)

will drop down from US$ 5,293,593 to US$ 3,380,640 (36%

Two parameters have been studied in the sensitivity anal-reduced) and the annual total production cost will reduce
ysis of the MSW gasification plant. They are (1) gasification from US$ 402,437 to US$ 496,268 per year (19% reduced).
capacity of MSW and (2) cost of the major equipment items. As a result, the rate of return (ROR) of the MSW gasification

plant at HKUST in scenario (1) will increase from 14.8 to

4.16.1. Gasification capacity factors 25.9%.

Increasing the gasification capacity of MSW from 10 to
20tonnes per day, the MSW plant will generate twice the 4.16.3. Gate fee for waste disposal
amount of electricity (from 202 to 403 kW) and will provide In Hong Kong, it seems likely that the Hong Kong gov-
double the annual electricity revenue (from US$ 151,529 to ernment will pay a gate fee for MSW in the future. The gate
US$ 303,113 per year). Since the revenues of both existingfee for waste disposal is usually the key element in waste dis-
domestic and ACMV hot water systems are fixed, the changeposal/treatment plant economics. In 2002, 7.7 million tonnes
of gasification capacity of MSW will affect the revenue of were landfilled in 2002 so the total capital and operating cost
the excess hot water only and in this case the revenue of thespent since the commissioning of the landfills was up to HK$
excess hot water increases 2.5 times. 9 billion [20]; it costs HK$ 125 per tonne to build and op-

Thetotal capitalinvestment (TCI) forthe 20 tonnes perday erate landfills. If the MSW gate fee is assumed to be the
MSW gasification plant is only increased by 50% of the TCI cost of building and operation of MSW landfills, this MSW
forthe 10 tonnes per day MSW gasification plant. The rates of gasification process can have a capacity of 10 or 20tonnes
return of MSW gasification process using 20 tonnes MSW per per day, which would induce an additional income of US$
day in scenarios (6) and (9) (32.54 and 36.08%, respectively)52,885 or US$ 105,769, respectively, to the project. Hence,
are higher than using 10 tonnes MSW per day in scenarios (1)the ROR of scenario (1) will increase from 14.79 to 15.79%
and (4) (sedable 13. The drawback for gasifying 20tonnes while the ROR of scenario (6) will increase from 32.54
MSW per day at HKUST is that the average rate of MSW to 33.90%.
generation at HKUST is 10.7 tonnes per day only; the demand
of MSW in the gasification plant is much higher than the
generation of MSW at HKUST. Therefore, 10tonnes MSW 5. Conclusion
per day more at HKUST from the outlying region need to
be collected. The annual operating cost of 10tonnes MSW A design and economic feasibility study has been car-
transport is US$ 23,269 and it will increase about 4% of the ried out to investigate the option of designing, building and
total annual operating cost of the MSW gasification plant. operating a municipal solid waste (MSW) gasifier at the
The cost of MSW transport in Hong Kong is a minor factor HKUST campus. Two design capacities have been investi-
in the process economics since it only reduces 0.3% of RORgated, namely, 10tonnes per day MSW consumption (the

values in the scenarios (6)—(10). current MSW generated at HKUST) and 20 tonnes per day
MSW consumption. A process scheme has been designed and
4.16.2. Cost of major equipment items a process flow diagram has been developed. Based on this

The total capital investment is calculated by multiplying schematic and other process alternatives the energy (heat)
the total purchased equipment by an appropriate factor, whichfrom the gasifier can be used to produce electricity and hot
accounts for all direct and indirect capital cost. Around 50% water. From these two energy production options attwo MSW
of the total production cost is based on the maintenance andutilization rates, it is possible to analyse ten process scenar-
insurance and the total cost of these two items amounts toios. Each scenario analysis is based on the total capital in-
5.25% of the total capital investment. Therefore, the cost of vestment, production costs, energy savings, simple rate of
the equipment items is another main factor to control the ratesreturn.
of return in the different scenarios of the MSW gasification Two of the scenarios (6) and (9) have very attractive
process. The costs of the MSW gasifier (US$ 502,000), MSW rates of return, namely, 32.5 and 36.1%, respectively. How-
feed handling system (US$ 132,000) and steam turbine (US$ever, there are two disadvantages, an additional 10tonnes
94,000) are the major equipment items constituting about per day MSW has to be brought into HKUST, and sec-
75% of total equipment cost, representing about 51.6, 13.6ondly, there is a surplus of hot water-about 70% excess
and 9.7%, respectively. The equipment costs of these threeabove HKUST requirements for hot water (halls and main
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building) and air conditioning requirements. The best op- [4] G. Tchobanoglous, H. Theisen, S. Vigil, Integrated Solid Waste Man-
tion from the 10tonnes per day MSW plant is scenario agement: Engineering Principles and Management Issues, McGraw-
(4) which still produces 72% excess hot water. There- _ Hill New York, 1993. — o .
fore. based on the current method of costing the plant [5] W.M. Shaub, W. Tsang, Dioxin formation in incinerators, Environ.

: _ : ) Sci. Technol. 17 (12) (1983) 721-731.
there is no economically attractive option (>20% ROR) t0 [¢] T. Katami, A. Yasuhara, T. Okuda, T. Shibamoto, Formation of

fulfill current hot water demands or involving electricity PCDDs, PCDFs, and coplanar PCBs from poly vinyl chloride during
production. combustion in an incinerator, Environ. Sci. Technol. 36 (6) (2002)
1320-1324.

Besides the economic benefit of this MSW gasification ‘ )
th is the cl . tal b fit h hich [7] U.S. Environmental Protection Agency, Report to congress on mu-

Process' e_re IS the clear enV|rc_>n_men a. enelt here, W Ic nicipal solid waste combustion, EPA/530-SW-87-021a, Washington,

is the reduction of need for landfilling. This prolongs the life DC (1987).

of our existing landfills, which in turn reduces the need to find [8] F. Hasselriis, Optimization of combustion conditions to minimize

new sites for landfilling purposes. Moreover, the other factor ~ dioxin emissions, Waste Manage. Res. 5 (1987) 311-323.

that is now important is the reduction in net €&missions [9] G McKa_y,_ Dloxm_characterlzatlon,_for_matlo_n and mlnlmlzatlon dur-

.. . ing municipal solid waste (MSW) incineration: review, Chem. Eng.

that result from use of waste containing biomass (e.g. MSW) J. 86 (3) (2002) 343368

ratherthan fOSS"fuelS} t(_) provide electr|C|ty or hOtwate'r- This [10] U.S. Environmental Protection Agency, Decision-Makers guide to

environmental benefit is now recognized through different solid waste management, EPA/530-SW89-072, Washington, DC

economic instruments in many countries. (1989).
[11] S. Sakai, S.E. Sawell, A.J. Chandler, T.T. Eighmy, D.S. Kosson, J.
Vehlow, H.A. VanderSloot, J. Hartlen, O. Hjelmar, World trends in
MSW management, Waste Manage. 16 (5/6) (1996) 367—374.
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