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Abstract: This paper presents a life-cycle inventailyCl) for solid waste composting. Three LCls were developed for two typical
municipal solid wast¢éMSW) composting facilitie§MSWCFg and one typical yard wast&¢ W) composting facility YWCF). Municipal

solid waste was assumed to comprise three organic components, food wastes, yard wastes, and mixed paper, as well as various inorga
components. Total costs, combined precombustion, and combustion energy requirements and 29 selected material flows—also referred
as LCI coefficients—were calculated by accounting for both the processes involved in originally producing, refining and transporting a
material used in the facility as well as consumption during normal facility operation. Total costs ranged from $15/t to $50/t and energy
requirements from 29 kw h/t to 167 kw h/t for a YWCF and a high quality MSW composting facility, respectively. More than 90% of the
overall CQ emissions in all facilities were due to the biological decomposition of the organic substrate, while the rest was due to fossil
fuel combustion.
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Introduction about the emissions during MSW composting, and energy re-
quirements and costs are not thoroughly understood, depending
Life-cycle assessmeKitCA) can be used for the characterization Nighly on the MSW composting technology used. A database in-
and optimization of manufacturing processes or individual prod- cluding theoretically derived environmental emissions during
ucts. A life-cycle inventoryLCl)—part of a LCA—is the inven-  SOlid waste composting was presented by H08@01). The en-
tory of materials, energy requirements, and environmental emis-Vironmental emissions presgnted in Hog#001) were based,
sions associated with a product or process from the time of the however, on assumptions without the_ support of laboratory or
original recovery of raw materials used to build the product fuII-scaIg measurement_s. A compos_tlng mod€bComposter
(“cradle”) to the time of its ultimate disposal to earttgrave”) calcula}tlng costs for various compo.stlng processes was presented
(Vigon et al. 1993 by Haith et al.(2001) without the inclusion of environmental

: . . . . emissions. The model focused on the composting of animal ma-
Composting of the organic fraction of solid wastes is an aero-

bic bioloaical stabilizati that lead to th ducti nure as the basic organic substrate with some MSW. Since, a
IC bological stabilization process [hat can lead to the produclion \,, e that would calculate costs, energy requirements, and envi-
of a soil amendment and/or could be used as a pretreatment tech

. ) . o ; ronmental emissions during MSW composting did not exist, it
nique prior to landfilling. Municipal solid wasteMSW) can be 55 considered necessary to provide a tool that would include the
treated by composting, which is viewed as a recycling process. In

, 3 calculation of all these parameters. The inclusion of all these pa-
2000, 7.1% of the total solid waste generation was composted asameters into a model can produce an integrated decision support
yard wastes and food scrapgSEPA 2002 In addition, there {0 that can give designers and policy makers the opportunity to
were 3,800 yard waste composting programs and 15 mixed wastemprove and optimize their composting systems.
Composting facilities in the United States during 2000, fewer than The goa| of the work presented here was to deve|0p cost esti-
the 19 reported in 199@JSEPA 2002 mates and to perform an inventory of energy requirements and
There are three major types of compost processes includingselected environmental emissio(referred to as material flows
the “windrow,” “aerated static pile,” and “in-vessel” systems, here on during composting of MSW and yard wastes. The model
with the former and the latter most dominant. Little is known was designed to calculate LCI coefficients expressed in kilowatt
hours and kilogram pegmetric) ton of waste entering a MSW
Y ecturer of Environmental Engineering, 50 Mitilinis St., 11364 Windrow composting facility. The model was based on laboratory
Athens, Greecgcorresponding authprE-mail: dkomilis@yahoo.com experiments that were conducted to measure selected emissions
professor Emeritus, Dept. of Civil and Environmental Engineering, for which there were no data availalfiéomilis and Ham 2000
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the ASCE Managing Editor. The manuscript for this paper was submitted e S for solid waste composting were based on typical dae-

for review and possible publication on March 29, 2002; approved on signs for two types of MSW composting facilities in the United

odel Development
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typical yard waste composting facilitfy WCF) was designed. MSW before recycling @
The LQCF produces a final product that can be used as landfill .
cover or can be directly landfilled in a “final storage” or “zero Screen rejects
emission” landfill, while a HQCF and a YWCF can produce com- l

post for use as a soil amendment. In the case of direct landfilling Preprocessing with
of the composted product, indirect benefits still exist, since waste | TPping floor trommel screen
volume reduction is achieved and a landfill with significantly re- H,0 addition
duced potential for emissions would probably require lower con- <«

struction and monitoring costs compared to a typical MSW land-

fill. Partially composted MSW Covered composting pad
.. . . for either landfill cover or (aeration with windrow
Municipal solid wastes were assumed to comprise seven com- direct landfilling turner)

ponents of which three were organimod waste, mixed paper,
yard wastep and four inorganic(plastics/refractory organics, (@
glass, tin cans/aluminum, and other inorganid$e fractionation
into three organic components was supported by laboratory work
that studied the effect of mixtures of MSW components to the
overall composting proceg&omilis and Ham 2000

The total cost, total energy requirements, and 29 selected ma- ¢
terial flows (i.e., environmental emissionsvere calculated for Tipping floor
each of the three facilities. The 29 material flows included several P orzomal
airborne and waterborne environmental emissions, as well as
solid wastes, which are considered typical environmental pollut- Hz0 addition
ants and for which available data existed. The electricity and fuel I
(diese) related energy requirements and environmental emissions Curing stage Covered composting pad
were based on the USERA991) and Dumag1998. The func- (aeration with windrow tumer)
tional management unit was designated to bevit) of MSW or
yard waste of a specified composition entering the facilities A
(Weitz et al. 1999 Cost, energy, and material flows were ex- Postprocessing trommel Final product for use as

> P asoil amendment

pressed in $/t, KW h/t, and kg/t respectively, which are hereafter >
Screen rejects

Horizontal
»| Hammermill

MSW after separation at

aMRF

A

referred to as LCI coefficients.
(b)

Composting Facility Designs

The process flow diagrams for the three types of facilities used in Yard wastes Manual removal of bags
this study are shown in Fig. 1. Other design criteria for the three ¢

types of composting facilities used in the LCI are shown in Table — Shredding with |
1. Designs were partly based on Taylor and Kashma(ias8 Tloping foer > woorncer

and USEPA(1994 and are considered as typical United States

windrow composting facilities.

The overall facility area comprised the tipping floor, treatment | Fina productforuse as) Postprocessing | Uncovered compost / curng
area (for trommeling and shreddingthe composting pad, the (vraton wih ot end
curing area, buffer zone, offices, roads, and storage of reject ma- Soreen rejects
terial and equipmentDiaz et al. 1993 Design guidelines from

compost windrow turner vendors literature were also used to cal- ©
culate the composting pad area.
The composting pad was enclosed for both types of MSW Fig 1. process flow diagrams for low quality municipal solid waste,

CompOStIng faC|||t|eS W|th a prOViSiOﬂ fOI’ Ventilation by fanS that h|gh qua“ty municipal solid waste and yard waste Composting
continuously direct the air to an odor control system. The number tacilities

of fans selected provides capacity to draw air from the enclosed
composting pad as well as the tipping floor. A building height of
4.5 m was used and an air exchange rate of 12 times ¢ailry Mass Balance Approach
120 min) was provided. Power requirements were based on Kong
et al. (1996, who provided design parameters for a biofilter to The facilities were designed for a typical MSW mixture before
treat styrene latent industrial emissions. The odor control systemand after recycling for the LQCF and HQGFchobanoglous et
was assumed to operate 24 h/day. al. 1993, respectively, and for a yard waste mixture for the
Sewage sludge is sometimes added to MSW to increase theiryWCF. The MSW compositiorfon a wet weight basjsbefore
nitrogen and moisture contents. However, the addition of nitrogen recycling was 42.2% mixed paper, 17.3% yard wastes, 8% food
is not a necessary condition for MSW composting to proceed andwastes, 11.3% plastics, 9.1% glass, 5.8% tin, and 6.3% aluminum.
the addition of sewage sludge was not considered in this study.The MSW compositionon a wet weight basjsafter recycling
Yard wastes usually have enough nitrogen to allow for compost- was 40% mixed paper, 18.5% yard wastes, 9% food wastes, 12%
ing to proceed normally. plastics, 8% glass, 6% tin, and 6.5% aluminum. Yard wastes were
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Table 1. Design Criteria for Three Solid Waste Composting Facilities

Low quality High quality Yard waste
Design parameters CF CF CF
Turning frequency Once weekly Three times weekly Once monthly
Composting pad retention time 4 weeks 8 weeks 24 weeks
Odor/volatile organic compound control system Yes Yes No
Curing retention time 0 4 weeks Combined with composting time
Postscreening oversize fraction 0% 15% 5%
Buffer distanc 150 m 150 m 60 m

Note: CF=composting facility.

A materials recovery facilitynot included in the life-cycle inventoyyprecedes the high quality composting facility to separate recyclable and com-
postable materials.

PBuffer area is included in the overall facility area requirements.

assumed to comprise grass clippings and leaves at equal wefacility preparation and construction, and equipment purchase. It
weights. A mass balance was performed for each waste compo-was amortized using a 15-year average design life for the facility
nent in MSW, as it flowed through the facility, by accounting for as a whole and a 5% interest rate. Land acquisition and land
moisture contents, densities of the materials at different facility development costs were partly based on Renkow e{18194).
stages, screening efficiencies, and dry matter reductions duringOther costs were provided by sales literature, equipment manu-
the composting process. Default values for several of the physi-facturers, composting facility operators and literature, as refer-
cochemical properties of the MSW components and compostedenced. The O&M costs included lab@Curtis et al. 1998 over-
substrate were based on Alt¢l983, Tchobanoglous et al. head, fuel consumption, electricity usage, and equipment
(1993, and Diaz et al(1993. maintenance. Table 2 presents default cost data used to develop

According to the mass balance approach, 1 wet t of MSW will the cost coefficients. The spreadsheet model was written so that
produce approximately 0.14 wet t of screen rejects in a HQCF all default values can be modified.
and approximately 0.80 t of wet compost product.

Part-time use of equipment was allowed and a linear correla-
tion of all design parameters to waste flow rate was implemented

with an intercept. Therefore, a minimum number of units was Energy coefficients include the electrical energy requirements
assumed to exist for each type of facility, regardless of waste flow (EER) and diesel/gasoline fuel requirements. Electrical energy re-

Energy Coefficients

rate. quirements include precombustion and combustion requirements.
Precombustion EER are defined as the energy requirements for
Life Cycle Inventory Boundaries the mining, processing and transportation of the fuel used to pro-

duce 1 kw h of electricity, while combustion EERs include the
The LCI boundaries include all aspects of composting once wasteenergy content of the fuel required to produce 1 kw h of electric-
is delivered and include compost final ué&nd application, land- ity. The average United States combined precombustion and com-
fill cover, soil amendment All other activities and processes bustion energy requirement for electricity is 3.06 kW h/kW h,
within those boundarie@ransportation of vehicles within the fa-  with more than 98% of it being the combustion ene(@umas
cility, biodegradation process, etare included in the LCI. Com- 1998,
post land application—when used—was assumed to be included Diesel energy requirements were 12.6 kW h/L of diesel used,
in the overall LCI boundaries, since the environmental emissions with 84% being the combustion energy based on United States
produced after compost land application could still be an environ- average valueDumas 1998 Table 3 shows selected energy re-
mental burden and a result of the solid wastes originally entering quirements for some of the elements of the compost facilities.
the composting facility. Biologically induced emissions were cal-
culated based on the extent of decomposition of the organic frac-
tion of the waste, regardless of whether this level of degradation
was reached within the facility or not. However, the transport of The 29 material flowg§MTFs) include airborne, waterborne, and
produced compost to its end ugand or landfil) was not in-  solid environmental emissions related to energy consumption
cluded in the LCI. In addition, no cost, energy or environmental within the facility. In addition, MTFs include the major gaseous
offsets from the potential marketing of the compost were ac- environmental emission€CO,,NH,) produced biologically dur-
counted for, since compost does not normally fully replace a ing the composting process. Material flows were categorized as
chemical fertilizer. It is noted that separate LCI models have been precombustion material flows and combustion material flows and
developed for the MRF that precedes the HQCF and for the land- a5 fossil related and biomass related material flows. Precombus-
fill that accepts the LQCF produced compost matei$ailano et tion material flows reflect the environmental emissions produced

Material Flows

al. 2002a, in the mining and transportation process required to provide the
fuels (diese) or electricity used during the operation of the com-
Life Cycle Inventory Coefficients posting facility. Combustion material flows are produced due to

the combustion of fuel for equipment or electrical energy genera-
tion. Fossil MTFs are produced due to the combustion of fossil
fuels (such as coal, natural gas, residual and distillatg wihile
Cost coefficients include both capi@) and operation and main-  biomass related MTF are produced by the combustion of nonfos-
tenance(O&M) costs. Capital cost includes the land purchase, sil fuels(e.g., wood or from the biodegradation of organic matter.

Cost Coefficients
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Table 2. Capital(C), Operating(O) and MaintenancéM) Costs for Three Types of Solid Waste Composting Facifiti®s

Item/equipment Cosi$/unit)
Paving $180,000/Ka
Grading $12,500/Ha
Fencing $23/mh
Land acquisition $3,100/fa
Office cost $430/r#
Front end loader C: $150,000
M: $1,000/year

Screens C: $100,000

M: $500/year
Tub grinder C: $180,00¢

M: assumed same as hammermill’s

Odor control system C: $1,3 per i of air/da)}

M: $500/year
Hammermill C: $250,000

M: $0.741/9
Compost pad building $70/ "
(includes paving with tgr
Windrow turner C: $180,000

M: $22/H

Diesel 0: $0.32/U
Electricity 0: $0.075/kwh
Labor and overhead cost $8/h equipment operator;

(overhead taken as 40% of labor gost

#Costs shown are default values adjusted to 1999.

bEngineering cost was taken as 15% of construction cost, while equipment installation cost was taken as 30% of equipment capital cost.
‘Renkow et al(1994.

YUSEPA(1991).

®Tchobanoglous et a(1993.

fKong et al.(1996 refers to a sorption unit containing activated carbon, soil and woodchips.

9Diaz et al.( 1982.

PPersonal communication with plant operaspr

iCompost turners’ sales literature.

11999 values.

Table 3. Energy Requirements for Major Equipment in Three Types of Solid Waste Composting Facilities

Equipment Number of units/t/day Energy requirements
Windrow turner 0.17 0.13 kW h/P
Hammermill 0.0029 15 kW hft
Trommel screens 0.0025 1.1 kKW hifirecomposting
0.8 kW h/t(postcompostinﬂ
Tub grinder 0.0038 10.2 kW h7t
Front end loader 0.003 112 kw/uhit
Odor control system Correlation of air flow rate to cost and energy X 1675 kW/md of air/day’
Building operation Correlation of area units to cost and energy 320 k\/\/’-ﬁyémir(office)h

Note: The windrow turner, tub grinder, and front end loader are run on diesel while all other equipment are run on electricity.
#The coefficient shown was calculated by accounting for the area of the composting pad and the turning frequency.
bCompost turner sales literature.

“The energy requirement given is multiplied by certain coefficients to account for the nature of (astes presorted wastgand the energy necessary
to reach a final product size of 5 c@iichobanoglous et al. 1993

“Diaz et al.(1982.

®Tub grinder sales literature.
'Front end loader sales literature.
9Kong et al.(1996

"DOE (1992, 1994,
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Table 4. Fossil(Diese) Fuel Combustion Material Flows from Selected Diesel Powered Equipment

Diesel consumption HCP CcO NOy PMotal SO CcO,
Type of vehicle (LIt MSW)? (kg/kd (kag/kd (kg/kd (kg/kd (kg/kd (kg/L diese)
Front end loade(values refer to a tracked loader 0.40 2.6E-7 8.9E-7 3.6E-6 2.5E-7 3.1E-7 2.8
Tub grinder(values refer to a chipper/stump 1.3 47E-7 1.9E-6 3.1E-6 3.1E-7 3.6E-7 2.8
Windrow turner 0.90 8.3E-7 2.6E-6 39E-6 0.0E+O0 0.0E+0 2.8

Note: Sourcg USEPA 199); and MSW=municipal solid waste.

*Diesel consumption was calculated using the power ugiagélowatts) required by each type of equipment in the facility and a consumption coefficient
equal to 0.13 L of diesel/h/kW, as suggested by pertinent sales’ literature.

PHC=total exhaust and crankcase hydrocarbons including aldehydes.

“The value given refers to a high quality composting facility. This value is equal to 0.1 for a low quality composting facility due to reduced turning
frequency.

This categorization was performed, since biomass relatedi€O YCO,

given a weighting factor of zero in calculation of greenhouse DRZM €
equivalents(Vigon et al. 1993 This is because biodegradation B

related CQ is continuously produced and consumed within a

relatively short period of time, while fossil fuel related €@ _ . . . .
introduced into the global atmosphere after the combustion of where YCQ=CG; yield (in g C/dry kg of the organic fraction of

organic material that was stored over geologic time. Fossil and MSW); YNH3=mass of NH (m_g N/dry k‘-?’ of the organlc_frac-
nonfossil MTFs may belong to either the precombustion or com- t!on of MSW); and DR=dry weight .reductlon of the organic frac-
bustion categories. tion of MSW (expressed as a fractipr-p, Fy, andFg=dry frac-
Table 4 shows six diesel fuel combustion material flows for tions of mixed paper, yard waste, and food waste, respectively, in
selected equipment. Environmental emissions associated to electhe mixture, with each of theép, Fy,Fr values ranging from 0 to
trical energy usage have been presented in Dut@@8 and are 1 and withFp+Fy+F¢ always equal to 1. Values in parentheses
United States average values. Table 5 includes all 29 materialare the standard errors of the corresponding coefficients.
flows used throughout this study.

Leachable and Other Waterborne Material Flows

Biodegradation Induced Gaseous Material Flows . .
g Generally, varying amounts of leachate can be produced in MSW

Carbon dioxidgCO,), ammonia(NH;) were considered to be the  and yard waste composting facilities starting froniMetcalfe et
main gaseous compounds produced during the composting ofg|. 1997, Krogmann and Woyczechowski 2088 approximately
wastes and were therefore measured during laboratory experi-490 L/t (Krogmann et al. 2000 The limited data on leachable
ments presented in Komilis and Ha2000. N,O, a major green-  material mass loadings presented in CA894 and Krogmann
house_ gas, was not measured due to analytical constraints. Thepg Woyczechowski2000 cannot be transformed to the format
experiments were performed to estimate these emissions fromrequired in this LCI(kilogram of material/ton of MSW entering

mixtures ?jf thrze organlchSW ck;)mpgnel(vtsod. v'\[/astes, m|>.<ed the facility). Data on the leachable emission after MSW compost
paper, and yard wasteand were based on a mixture experimen- land application have been presented by Christensen et al.

tal design approach to also evaluate the interactions among com- . .
ponents in a solid waste mixtucomilis and Ham 200D (1983a,b, 1984a)bwho performed lysimeter experiments to de

Experiments extended until basically “complete” degradation termine leachate characteristics and quantities of MSW derived

was reached, as measured by the,@@w rate and after ensuring compost. _The data from C_hristensen were given_on a per unit
that this was not due to moisture limitations. The experiments MasS basis of dry MSW derived compost and are highly depended
were conducted under aerobic conditions and measurements of" Soil properties, vegetation, and other environmental condi-
the headspace gaseous composition revealed that methanogenf@”s-.G'Ven_th? limitations in the available data, th.IS aspect of
conditions did not occur. This generally simulates the conditions !€aching emissions from MSW and yard wastes during and after
in actual MSW composting facilities, since, even if anaerobic composting was not included in this LCI. The LCl includes, how-
conditions do develop in the center of the piles, the anaerobic ever, all waterborne emissions associated with diesel and electric-
gases emitted would be oxidized at the surface of the piles. Ni- ity precombustion and combustion processes.

trogen was added prior to the initiation of the experiments to

achieve a C/N ratio of around 30. This is sometimes done in

practice with the addition of N rich substratesuch as sewage  Aliocation of Cost, Energy and Material Flows

sludgg to MSW prior to composting. . ~ to Municipal Soild Waste Components
As a result of the experimental work the following equations

were derived for C@Qand NH; emissions and for the reduction in

the dry mattexKomilis and Ham 1999 All LCI parameters presented in this paper were equally allocated

to all individual MSW components, since MSW will be always

YCO, = 220 -(+19)Fp + 240 -(+21)Fy + 370 -(24)F¢ (1) _entering the facility as a_mixture in a mixed MS_WCF. The_re_zfore,

if the cost of the facility is ®/ton of MSW entering the facility,

_ then the cost of treating 1 ton of any waste component, organic or

YNHy=1.321.4) -Fp+ 5.2+1.4) - Fy + 381.6 - Fe inorganic, will also be $. This was done, since it was assumed
-69+23) -Fp - Fg (2 that all components will always be a part of a MSW mixture.
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Table 5. Life Cycle Inventory(LCl) Costs, Energy Requirements and material flgpallutantg for 100 t/day Municipal Solid Waste and Yard Waste
Composting FacilitiesCF)

Low quality High quality Yard waste

LCI coefficients CF CF CF

Total cost(dollars/} 28 49 16°

Total energy requirements 97 167 2d

(KW h/t)

Airborne material flows

(kg/t)
PMotal 3.8E-02 6.0E-02 1.8E-02
NO, 1.4E-01 2.9E-01 1.6E-01
HC(non CH,) 2.3E-02 5.9E-02 3.5E-02
SQ 1.9E-01 3.1E-01 3.56E-02
Cco 4.5E-02 1.2E-01 8.2E-02
CO, piomass 2.5E+02 3.9E+02 3.5E+02
CO, fossil 2.2E+01 3.7E+01 7.3E+00
NH," 3.7E-01 5.0E-01 2.5E+00
Pb 1.3E-09 2.8E-09 2.3E-09
CH,4 1.4E-04 2.3E-04 2.3E-05
HCI 1.4E-07 3.0E-07 2.5E-07

Waterborne material flows

(kg/t)
Dissolved solids 1.2E-02 2.6E-02 2.1E-02
Total suspended solids 1.1E-05 2.4E-05 2.0E-05
BODy 1.2E-05 2.6E-05 2.1E-05
COD 5.9E-05 1.3E-04 1.0E-04
Oil 1.6E-04 3.3E-04 2.5E-04
H,SO, 1.5E-02 2.5E-02 1.5E-03
Fe 3.8E-03 6.3E-03 3.7E-04
NH; 1.7E-06 3.6E-06 2.9E-06
Cu 0.0E+00 0.0E+00 0.0E+00
Cd 0.0E+00 0.0E+00 0.0E+00
As 0.0E+00 0.0E+00 0.0E+00
Hg 0.0E+00 0.0E+00 0.0E+00
PO, 0.0E+00 0.0E+00 0.0E+00
Se 0.0E+00 0.0E+00 0.0E+00
Cr 3.0E-09 6.9E-09 6.9E-09
Pb 1.8E-09 3.8E-09 3.1E-09
Zn 2.6E-08 5.7E-08 4.5E-08
Solid Waste(miscellaneou% 2.6E+00 4.3E+00 2.6E-01

*Capital cost is 58% and operation and mainteng@&M) cost is 42%.

bCapital cost is 72% and operation and maintengi@&M ) cost is 28%.

‘Capital cost is 34% and operation and maintena@&M) cost is 66%.

“Diesel precombustion and combustion account for 1 and 5%, respectively, of the total energy requirements, while the rest is accounted fatyby electric
precombustion and combustion energies.

®Diesel precombustion and combustion account for 2 and 8%, respectively, of the total energy requirements, while the rest is accounted fayby electric
precombustion and combustion energies.

"Diesel precombustion and combustion account for 11 and 60%, respectively, of the total energy requirements, while the rest is accountediédyby electr
precombustion and combustion energies.

9YIncludes amounts of COproduced due to the biodegradation process within the composting facility.

PIncludes amounts of NHproduced due to the biodegradation process within the composting facility.

'Does not include screen rejects and is associated with precombustion and combustion emissions.

All airborne and waterborne material flows, excluding the bio- (2), while the inorganic components did not produce any, ©©
logically induced CQand NH;, are a function of total energy and ~ NH,.
were therefore also equally allocated to all MSW components.
The biomass related G@nd NH; material flows were calculated
separately for each organic waste component using @ysnd
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Fig. 2. Capital and operation and maintenance cost breakdown for typical 100 t/day high quality municipal solid waste composting facility

Results and Discussion cilities that utilize windrow turners; however, model predictions
are comparable to costs of operating United States composting
plants.

The capital cost accounts for 58 and 72% of the total cost for
The LCI models were run using typical United States MSW com- the LQCF and the HQCF, respectively, while it accounts for 34%
positions separately for the LQCF and HQCF. A typical YW mix-  of the total cost of the YWCF. According to Renkow and Rubin

ture was used for the YWCF. An input flow rate of 100 TPD (1998, 48% of the total cost is capitabr deby cost based on
(t/day) was used for all three facilities. Table 5 presents the pre- averaging from the reported data.

dictions of the LCI model for each of the three composting facili-
ties using the default data presented in Table 2. Each material
flow is the sum of all flows of that material present in various
streams or processes. All LCI model results are point estimates
and no data variability was included.

Table 5 shows that the least expensive facility is the YWCF
with a total cost of $16/t. This value is within the range actual
total costs of yard waste composting facilities in the United
States, as reported by Steutev{ll96. According to Steuteville
(1996, total costs for seven yard waste composting facilities in

Life Cycle Inventory Model Results

Total energy requirements shown in Table 5 are the sum of
electrical and diesel precombustion and combustion energies for
each facility and are expressed in kilowatt hour/ton. Total energy
of the YWCF is much less than the energy from the LQCF and
HQCF, primarily because there is no odor control system. The
' HQCF energy requirements are approximately twice than that
from the LQCF. This is primarily due to the larger odor control
system. In addition, removal of about 30% of the incoming ma-
terial during prescreening in the LQCF results in even lower total

the United States range from $8/ton, for a facility with no shred- energy requwements than that O,f the HQCF in which no pre-
ding and screening, to $26/ton, for a facility that utilizes open air SC'€€NIN is used. According to Diaz et(@986, average energy
windrows with turning. requirements in a MSW_ composting facility are 34.4 kW h/t of
The total costs for the LQCF and HQCF are $28/ton and MSW. The values predicted by the model are 97 kW h/F and
$49/ton, respectively. Differences are primarily due to the larger 167 KW h/t, for the LQCF and HQCF, respectively. The higher
retention time of the HQCF compared to LQCF, which results in values are partially because. precomk?ustlon and combustlon'en-
a larger composting pad and therefore a higher cost for the com-€rgy requirements are both included in the total energy require-
post pad building and odor control. In addition, the prescreening Mments. The values by Diaz et £1986 refer to energy consumed
Step in the LQCF removes approximate|y 30% of the waste, direCtIy within the faC|I|ty, inCIUding extensive preprocessing
which is therefore neither shredded nor composted, reducingPrior to compostinge.qg., size reduction, screenjngn addition,
overall cost. According to Renkow and Rukit998), total costs no odor control system is included in the values used by Diaz et
for MSW composting facilities range from $35/ton to $54/ton al. (1986.
(MSW processed Values reported are based on seven United  The atmospheric pollutants, excluding €@biomas$ and
States MSW composting facilities with an average total cost of NH3, are primarily a function of the energy usage and energy
$53/ton. Differences in the designs of the actual facilities with distribution. All energy related atmospheric emissions are higher
the “typical” design used here are expected. Several facilities usefor the HQCF than the LQCF. This reflects electricity and diesel
in-vessel systems, which are generally more expensive than fa-requirements for each facility. In the case of the YWCF, the
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500 T T T T pad, while the office and storage building account for only 10%
of the total building cost. Engineering, hammermill and the loader
costs are next highest.

Combined labor cost and overhead costs account for approxi-
mately 62% of the total operating cost. Electricity and diesel re-
300 | . lated costs rank next highest with 29% of the total operating cost.
Of the total electricity cost, 62% is required for the odor control
operation, while the remaining 38% is mostly due to hammermill

a2 1 operation. Maintenance costs for the hammermill and windrow
turner are less than 10% of the total operating cost, while it was
100 |- . assumed that maintenance costs for the front end loader, the
I \ screens and the odor control system are $1,000 , $500, and $500,
0 . . o respectively.

o 20 0 600 800 7000 A typical economy of scale for.a HQCF is shown in Fig. 3. As
MSW input flowrate (t/ day) shown., 'c.ompqstlng fo.r a HQCEF is affected by economy Qf scale
for facilities with a solid waste tonnage less than approximately
80 TPD. For mass input flow rates greater than 80 TPD, the unit
Fig. 3. Economy of scale for high quality municipal solid waste ¢qgsts range between $45 and $49/ton.

composting facility (Note: Total cost includes capital cost and Based on the HQCF, 29, 56, 3, 7, and 1% of the total energy
operating/maintenance cost based on 5% interest rate and 15 yeafequirements are due to hammermill, odor control, front end load-
design lifg ers, windrow turner, and trommel screen operation, respectively,

while 4% is due to building operation. Relatively similar values
apply to the LQCF. In the case of the YWCF, 55, 16, 8, and 21%

HC,CO, and NQ material flows are similar to the values for the ~©f total energy are due to the tub grinder, the front-end loader,
LQCF. This is a result of the higher usage of diesel in the YWCF Screens and building operation, respectively.

compared to the MSW facilities, although total energy is less for ~ In the LQCF and HQCF, electricity related energy accounts for
the YWCF than both MSW composting facilities. The C@io- more than 90% of the total energy with the rest being diesel-
mas$ and NH; values were calculated from Eqgl) and (2), derived energy. In the YWCF, 60% of the total energy is diesel
respectively, and refer to the gases produced due to substrate decombustion energy with 29% being electricity and the rest being
composition. The relatively low ammonia emission for the LQCF diesel precombustion energy. This is because only diesel-powered
is due to the h|gh percentage of paper contained in the MSW equipment is used in the YWCF and electricity is limited to the
entering the composting pad. A higher percentage of yard wastesuilding operation.

and food wastes is entering the composting pad at the HQCF, as Table 6 presents the fractions and the absolute amounts of
some paper is removed in the MRF prior to composting. The Selected airborne material flowatmospheric pollutantsattrib-
higher food and yard waste concentrations contribute to the uted to diesel combustion. The percentages of the pollutants
higher ammonia flows in the HQCF. shown in Table 6 are produced within the boundaries of the facil-
ity itself. Due to the extensive usage of electricity in the LQCF
and HQCF diesel combustion is responsible for less than 50% of
all the emissions shown in Table 6 with the exception of CO. This
The breakdown of the capital af@/ M costs is presented in Fig. is explained by the fact that windrow turning—which relies on
2 for a 100 TPD HQCF. Relative responses were the same fordiesel—is done more frequently in the HQCF compared to the
both MSW facilities and therefore the results for the HQCF are LQCF. Diesel combustion is generally responsible for production
only shown. The composting pad building and the odor control of a relatively large percentage of the N@nd CO emissions
system account for approximately 77% of the total capital cost. from both the MSW composting facilities. S@®missions are pri-
Building cost is primarily due to construction of the composting marily produced due to electricity consumption and are therefore

Breakdown of Costs, Energy, and Material Flows

Table 6. Fraction of Atmospheric Pollutants Attributable to Direct Diesel Combustion within Boundaries of Composting Facilities

C
Facility type PMotal NO, HC SQ CO (fogzsil)
MSW LQCF 7% 37% 23% 2% 37% 6%
(0.0026°
(0.052 (0.005 (0.0034 (0.01% 1.3
MSW HQCF 4% 49% 42% 1% 61% 10%
(0.0026 (0.19 (0.029 (0.0034 (0.079 (3.6
YWCF 79% 94% 58% 46% 96% 64%
(0.019 (0.15 (0.019 (0.0189 (0.078 (4.6

Note: Source(Dumas 1998 MSW=municipal solid waste; LQCElow quality composting facility; HQCEhigh quality composting facility; and
YWCF=yard waste composting facility.

*The rest is due to diesel precombustion and electricity precombustion/combustion emissions.

Bvalues in parentheses are absolute values in kg/t MSW or yard waste.
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Table 7. Sources of Selected Airborne Material Flows from Day 100 t/day High Quality Municipal Solids \Wd$%/) Composting Facility

Diesel precombustion

Diesel combustion

Electrical energy
precombustion and combustion

Material (kg/t MSW) (kg/t MSW) (kg/t MSW)
PMiotal 0.0E+00 0.3E-03 5.7E-02
NO, 1.0E-03 14E-01 1.5E-01
HC 1.0E-02 2.5E-02 2.4E-02
SQ, 1.0E-03 3.0E-03 3.1E-01
(6{0] 1.0E-03 7.6E-02 4.8E-02
CO, (fossil) 5.6E-01 3.6E+00 3.3E+01

Note: Source: USEPAL991); and Dumag1998).

produced outside the boundaries of the facility itself. Because of total cost, total energy and the NGow. Other air pollutants

the limited use of electricity in the YWCF, the majority of the (airborne material flowsare also proportional to power.

atmospheric emissions are due to diesel combustion. As Table 8 shows, retention time, odor control air exchange
Table 7 shows the contribution of diesel precombustion, diesel rate and labor salaries have the greatest effect on total cost. The

combustion and combined electricity precombustion and combus-retention time and odor control also have the largest effect on

tion to the selected gaseous emissions resulting from the operaenergy and material flows. Interest rate and design life have the

tion of a high quality MSW composting facility at 100 TPD. Elec-  next largest effect on total cost. Composting pad cost has also a

tricity precombustion and combustion is primarily responsible for relatively large effect on total cost, but has no effect on energy

the emissions of the largest fraction of fossil-fuel related emis- _4 1 aterial flows.

sions. Approximately 90% of the overall fossil g@mitted from Hammermill design has a marked effect on total energy and

the afqremennoned facm.ty—l.e., approximately 33 kg £O emissions, since it accounts for a large usage of electrical energy.
MSW—is a result of electrical usage. However, 92, 91, and 98% . . . o
The use of presorting will affect the shredding coefficient by

of the overall CQ emissions from the LQCF, HQCF, and YWCF, changing it from 1 to 0.67, corresponding to raw and sorted

respectively, are due to the decomposition of the organic sub- . L : :
strate. Essentially all of the ammonia emitted from all facilities is wastes respectlvgly, resulting in reductions in total energy usage
due to decomposition. and gaseous enwronmen.tal pollutants.

It also appears that windrow geometry affects total cost, en-
ergy and material flows. A higher windrow height than the one
used as the default value will result in a smaller composting pad
Table 8 presents a sensitivity analysis for the key design param-for the same mass of wastes entering the pad. Windrow geometry
eters of a LQCF. The base case was an input waste flow rate ofhowever is limited by the type of turning equipment used and can
100 TPD. To perform the sensitivity, a 50% change in the selectedalso affect oxygen content in the piles. Therefore, windrow ge-
parameter was specified and the change from the baseline outpudbmetry can have an impact on the odorous compounds produced,
value was recorded as a percentage. The change was recorded fdaut this is not accounted for in the LCI model. Buffer distance,

Sensitivity Analysis

Table 8. Sensitivity Analysis on Selected Parameters Using 100 t/Day as Baseline

Change Change Change

in total cost in total energy in NOZ
Parameter Base case Adjusted value (%) (%) (%)
Grading cos{($/ha 12,500 18,750 0.2 0.0 0.0
Paving cost{$/ha 180,000 272,000 0.7 0.0 0.0
Land acquisition costdollars/ha 3,100 4,650 0.3 0.0 0.0
Composting pad building co$$/m?) 70 105 9.5 0.0 0.0
Interest ratg%) 5% 7.5% 10.1 0.0 0.0
Facility design life(year9 15 22.5 -12.7 0.0 0.0
Wages($/h) 8 12 16.1 0.0 0.0
Number of employees 10 15 16.1 0.0 0.0
Turning frequencyNo./week 1 1.5 0.2 0.7 0.06
Retention timegday9 30 45 185 16.1 16.3
Buffer distancgm) 150 230 0.7 0.0 0.0
Odor control air change raienin) 120 80 12.4 18.8 20.2
No odor control system Present Absent -24.8 -37.7 -40.4
Compost windrow heightm) 1.8 2.7 -12.6 -10.6 -11.1
Change of hammermill shredding coefficient 1.0 0.67 -1.5 -17.4 -18.3
(raw and presorted waste (Raw) (Presorteyl

®Other pollutantgmaterial flows are similarly proportional to energy requirements excepb GGhassand NH;.
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grading cost, paving cost and turning frequency have minor ef- EPA; no official endorsement should be inferred.
fects on the total cost. The absence of an odor control system

reduces total cost, energy, and material flows by more than 25%

and is therefore considered a significant part of the composting References
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