


NOTICE 

This rtport was prepollred as an account of work ~ponsored by tht United States Go~'ernmenl. Neither the 
United States nor the Department of Energy, nor any of their employees, nor any of their contractors. 
subcontractors, or their employees, makes any warranty, express or imphed, or assumes any legal liability 
or responsibility for the accuracy, completeness or usefulness of any information, "pparatus, produCl or process 
disclosed, or represents that its use would not infringe privately owned rights. 

The views, opinions and conclusiOI15 contained in this report are those of the contractor and do not 
necessardy represent thCY.te of the United States Government or Ihe United States Department of Energy 

PACIFIC NORTHV'JEST LABORATORY 
operated by 

BATTELLE 
far the 

UNITED STATES DEP .... RTMENT OF ENERGY 
Under Cantracr E'r'·76·C-06-1830 

r"n(~d in Ih~ Un.lM! S(iI(e~ of "'merlCi 
AVililable from 

NlIlionill Te.;hnicollnformillion ~tvice 
UMed St.tes Department of Commerce 

52BS POrt Roy.1 Ro .. d 
Springfield, Vi,.'ni. 22151 

Price; PrlmKi COP) S-", MIcrofiche SlOO 

NT15 
'~lI:es s.eflinS Pnce 

001"'()2S "" 026-0;0 .,," 
051-075 S5.50 
07&,100 "'" 101-12S "-50 
126-150 57.00 
151_175 V.7S 
176-100 .. '" :'tl1-!:5 $VS 
"..'" "., 
2S1-Z75 SlO.OO 

,,~'" SI0.25 



• 

3367900051 7542 

AN ECONOMIC COMPARISON OF SLUDGE IRRADIATION 
AND ALTERNATIVE METHODS OF MUNICIPAL 
SLUDGE TREATMENT 

by 

S.B. Ahlstrom 
H.E. McGuire 

November 1977 

BATTELLE 
PACIFIC NORTHWEST LABORATORIES 
RICHLAND, WASHINGTON 99352 

PNI-2431 
11C-23 



• 

• 



SUMMARY 

One method to handle the increasing volume of sludge produced in the 
United States is through beneficial reuse (e.g. as a soil conditioner). 
However, sludge should not be reused unless it is made safe for those who 
may come into contact with it. For example, pathogens must be inactivated 
and toxic materials must be removed from the sludge. One method to minimize 
the pathogen level is through radiation treatment. This study reports the 
relative economics of radiation treatment and other sludge treatment processes. 
The desirability of radiation treatment is assessed in terms of cost and the 
quality of the treated sludge product. 

The major conclusions of this study are as follows: 

• Radiation treatment is a high-level disinfection process. Therefore, 
it should only be considered if high levels of disinfection are 
required for widespread reuse of the sludge. 

• The handling, transporting and pathogen growback problems asso
ciated with disinfected wet sludge makes it less attractive for 
reuse than dry sludge. 

• Radiation of composted sludge produces a product of similar quality 
at less cost than any thermal treatment and/or flash drying treat
ment option for situations where a high degree of disinfection is 
required. 

• Heavy metal concerns, especially cadmium, may limit the reuse of 
sludge despite high disinfection levels. 

It is recommended that radiation treatment of sludge, particularly dry 
sludge, continue to be studied. A sensitivity analysis investigating the 
optimal conditions under which sludge irradiation operates should be insti
gated. Furthermore, costs of adding sludge irradiation to existing sludge 
treatment schemes should be determined. In order to assess the use-potential 
of radiation treatment, a scenario should be prepared accounting for land use 
parameters, regulations, and existing treatment methods. 
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INTRODUCTION 

Wastewater sludge is the semi-solid mass removed during the treatment 
of a wastewater stream. The characteristics and quantities of sludge vary 
significantly depending on origin, the degree of storage that has taken 
place, and the method used for treating the wastewater. Table 1 identifies 
the characterisitcs and quantities of municipal sludge produced by various 
wastewater treatment processes. An estimated 5 million dry tons of sludge 
are collected annually in the United States. Since all sewage treatment 
plants are required to produce a cleaner effluent, this volume will increase 
substantially in the near future. The problem of disposing of such a large 
volume of waste material has lead personnel involved with wastewater treat
ment to no longer consider sludge as just a waste product, but also as a 
possible resource. 

There are many schemes for treating sewage sludges. However, the 
reclamation of sludge requires that the end product be environmentally safe 
and socially acceptable. For the past several years, Sandia Laboratories, 
located in Albuquerque, New Mexico, has been examining the use of gamma 
radiation to inactivate pathogens in sewage sludge. Cesium-137, a waste 
radioisotope from the nuclear power industry, is used to disinfect the 
sludge. This pathogen-free sludge would minimize the concern of disease 
transfer through sludge reuse thereby making the product acceptable for a 
wider range of application. 

The objective of this study was to compare the economics of sludge 
irradiation with alternative forms of sludge treatment. The work reported 
in this text was sponsored by the Department of Energy through the Isotope 
Utilization Program, in cooperation with the Sandia Program . 



TABLE 1. Characteristics and Quantities of Municipal Sludges Produced 
by Various Treatment Processes 

Sludge Type 

Raw Primary 

Waste Activated 

Chemical Sludge 

Anaerobic Digested 

Anaerobic Digested 
Mixed Primary and 
Waste Activated 

Pounds Dry Solids 
per Million Gallons 

900 to 1200 

600 to 900 

3000 to 4500 

600 to 850 

1000 to 1500 

2 

Percent Solids 
in Sludge 

4 to 8 

0.5 to 2 

7 to 10 

5 to 10 

2 to 4 

Characteristics 

Gray-brown, slimy; 
vile, bad odor; 
putrifies; easily 
digested and 
dewatered 

Yellow-brown floccu
lent appearance; 
unoffensive musty 
odor; tends to become 
septic rapidly; digests 
readily; difficult to 
dewater; very active 
biologically 

Black, may be reddish; 
objectionable odor; 
slimy, but gelatinous; 
decomposition is slower 
than Drimary sludge; 
difficult to dewater. 

Black; musty odor; 
dewaters well on 
drying beds. 

Black-brown; musty 
odor; not as easy to 
dewater JS digested 
primary. 
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Costs are presented in this report for various sludge treatment schemes. 
These treatment schemes are grouped into one of the following three categories 
according to the end products produced: 

• Options A - Dry sludge products that finish the treatment process 
at 45 to 100% solids 

• Options B - Moist or dewatered sludge products that finish the 
treatment process at 15 to 45% solids 

• Options C - Wet sludge products that finish the treatment process 
at about 5% solids. 

The sludge treatment and disposal schemes presented have been costed 
from a point of common sludge influent to final disposal. The entire treat
ment train was costed so as to create estimates that were as uniform as 

possible. However, inequities do exist. Many processes discusse~ in this 
report have been used for a number of years and their cost estimates are based 
on actual experience. Other processes are not in use and estimates for these 
are based on limited information relative to design and operation. Thus, a cost 

difference of less than 15% may be insignificant. 

This report also contains an analysis comparing the reuse of wet and dry 
sludge in terms of the cost differential for transporting wet and dry sludge, 
differences in sludge handling characteristics, and pathogen growback in 
sludges of various moisture content. Other sections include a comparison of 
the processes producing a dry, disinfected product; an evaluation of the treated 
sludge product with respect to disinfection and odor; a summary of the effect 
of heavy metals on sludge reuse; and a cost/benefit analysis . 
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RECOMMENDATIONS 

This report serves as a preliminary analysis investigating the potential 

of the radiation treatment process conceptualized by Sandia Laboratories, 
located in Albuquerque, New Mexico. Additional work in the following areas 

would significantly improve the analysis. 

1. The costs developed for all treatment schemes presented were based on 

single assumptions made with no real intent to optimize the process. 
Therefore, a sensitivity study should be conducted to better understand 

the relative economics of each treatment method. For example, the effects 

of heat recovery, which was not assumed for costs presented in this report, 

should be investigated. Likewise, the effects of recovering other benefi

cial products (methane), changing the amortization factors, and altering 

the unit price for power, fuel and materials should be studied. 

2. The economic comparison presented is for new treatment plants. However, 

few new treatment plants will be built in comparison to those expanded. 

Thus, a cost comparison should be conducted to investigate the relative 

economics of adding disinfection to existing sludge treatment schemes. 

This analysis would allow the comparison of various sludge disinfection 
processes in a more realistic situation. 

3. Pyrolysis is currently being marketed as a heat treatment alternative. 

Reliable pyrolysis cost data is becoming available. Therefore, the 
economics of radiation treatment and pyrolysis should be investigated. 

In addition to the items above, it is recommended that a scenario be developed, 
based on sound engineering analysis, to predict how many treatment plants would 

implement radiation treatment if a highly disinfected sludge product was required. 
The scenario should consider the decision factors that municipalities use in 

determining their optimum sludge treatment alternatives, land-use parameters 

and regulatory restraints should be considered as part of the decision-making 

process. Such a scenario would identify municipal situations that are 
amenable to radiation treatment. 
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COSTS FOR SLUDGE TREATMENT AND DISPOSAL 

The following treatment schemes have been cos ted to determine their 
relative economic desirability. A technical description of the various 
processes used to makeup the treatment schemes is presented in Appendix A. 
The documentation for the costs developed in this report comprises Appendix B. 

OPTIONS A: DRY SLUDGE 

Figure 1 shows the various treatment schemes considered for producing a 
dry sludge product. Costs were calculated for each option for plants with 
a wastewater flow of 5 million gallons/day (mgd), 50 mgd, 100 mgd, and 
200 mgd. The relative costs are shown in Table 2 in terms of cents per 
1000 gallons of wastewater flow. Figure 2 presents a graphical display of 
the costs for plants ranging from 50 mgd to 200 mgd. The 5 mgd plant costs 
were not plotted because their large value extended the plotted range of 
costs such that it was difficult to read the graph accurately. However, the 
5 mgd costs are a valid component of this study. 

Option A2 (vacuum filter-compost-irradiate) indicates that radiation 
treatment of dry sludge is less expensive than every alternative considered 
except Option A7 (vacuum filter-compost). However, the radiation process 
produces a much higher level of disinfection. Options All (thermal condition
vacuum filter-flash dry) and A13 (vacuum filter-incinerator) are the most 
expensive. These are followed by a group of options (A l , A4, A5, A6, A8, 
and A12 ) which are similar in cost. The high cost of these options is 
attributed to the flash drying process. The remaining options are ordered 
A10 (lime stabilization-vacuum filter-flash dry), A3 (digest-vacuum filter
compost-irradiate), and Ag (digest-vacuum filter-compost) with Ag being 
less expensive than A3 or A10 . 

OPTIONS B: MOIST OR DEWATERED SLUDGE 

The various schemes that produce moist sludge residue are shown in 
Figure 3. Table 3 indicates the cost of each option for several plant sizes 
and Figure 4 compares these costs graphically for the larger plant sizes. 
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The costs for Options B indicate that the treatment schemes may be 
grouped into five economic levels. Listed from the least expensive scheme 
to the most expensive these levels include the following options: 

Level - Option B13 
Level 2 - Options Bl , B7, and B12 
Level 3 - Options B3, B4, B9, and Bll 
Level 4 - Options B2, B6, B8, and B10 
Level 5 - Option B5 

The least expensive radiation treatment option is Bl (thermoradiation-vacuum 
filter). This option falls into the second most desirable economic level. 
However, no stabilization process is incorporated in this option and the 
degree to which the sludge could be reused is very limited. The third level 

of economic desirability includes treatment option B3. This option is the 
same as Bl but incorporates liming to stabilize the sludge. Therefore, radia
tion treatment does not produce a usable sludge product until the third level 
of economic desirability is reached. 

OPTIONS C. WET SLUDGE 

Options C consist of the wet sludge treatment schemes shown in Figure 5. 

The cost for each scheme is compiled in Table 4 and Figure 6. 

Sludge lagooni'ng preceded by mesophilic anaerobic digestion (option C4) 
is the least expensive method of treatment provided sufficient land is avail

able. Anaerobic digestion (options C5 and C6) and lime stabilization 
(option C7) constitute the next expensive treatment schemes. The options that 
utilize radiation treatment or thermal pastuerization for disinfection 
(options Cl ' C2' C3' C8' C9' C10 ) are the most expensive. By comparing 
option C10 with options C8 and C9 or options C3 with options Cl and C2 it can 

be concluded that thermal pasteurization is less expensive than radiation 

treatment. 
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TABLE 4. Wet Sludge Treatment Costs (%/1000 gal of wastewater) 
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SUMMARY 

Radiation is an attractive alternative for producing a dry, disinfected 

sludge-product but becomes less viable as the water content of the sludge 

increases. 
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COMPARISON OF WET AND DRY SLUDGE REUSE 

Significant characteristic differences exist between wet and dry sludge. 
It is important to outline these differences when considering sludge for 
beneficial reuse. Thus, the following discussion considers differences in 
transport costs, handling characteristics, and pathogen growback resulting 
from different degrees of moisture content in sludge. 

TRANSPORT COSTS 

The beneficial reuse of municipal sewage sludge usually requires the 
product be transported. Figure 7 compares the costs of hauling sludges with 

a different solids content from a 100 mgd plant by truck. The economic basis 
for this figure is explained in Appendix B. 

The cost of transporting dewatered sludge by truck is much lower than 
that of liquid sludge. For distances over 10 miles the cost for the dewater
ing process is easily covered by the savings in transport cost. Therefore, 
it is not economical to transport liquid sludge by truck over 10 miles because 
of the large volume of water that must be hauled. Liquid sludge can be trans
ported economically over long distances by pipeline if the pipeline remains 
useful for 20 years or more. (1) 

The difference in transporting dewatered and dried sludge is not sufficient 
to cover the increased cost for sludge drying. Thus, from a pure economic 
standpoint, dewatered sludge is the best to transport. However, the method of 
sludge reuse sometimes makes dried sludge more desirable. 

HANDLING CHARACTERISTICS 

Transporting dried sludge by truck is much easier than transporting wet 

sludge. A hopper or dozer can be used to load the material into open or 
closed trucks. Dry sludge is also easier to store requiring no specialized 
facilities. Additionally, dried, disinfected sludge can be bagged for dis
tribution as soil amender or animal feed, whereas wet sludge must be stored 
in tanks and then piped to tank trucks for transportation to a reuse or dis
posal site. 
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PATHOGEN GROWBACK 

Disinfected sewage sludge, with its high organic content, is frequently 
subject to reintroduction of pathogenic bacteria. Water is essential to the 
transmission of active forms of pathogens. When water is not present, the 
spread of pathogens is limited to short range transmission through air. There
fore, dried sludge provides a comparatively unfavorable environment for patho
gen growback. Dry disinfected sludge is more resistant to pathogen growback 
than wet sludge. 

SUMMARY 

Treatment schemes to produce wet sludge are simpler and cheaper than 
those to produce dewatered or dried sludge. However, because of the problems 
associated with handling and transporting wet sludge, a dry sludge product 
is usually more desirable for reuse. 
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COMPARISON OF PROCESSES PRODUCING A DRY, DISINFECTED PRODUCT 

The previous section outlined reasons why a dry sludge product is prefer
able for marketing or beneficial reuse. In agreement with this, several 
composting research operations are currently underway in the United States 
with hopes of producing a safe, reusable, dry sludge. However, questions 

have arisen concerning the pathogen level in the composted sludge. 

In this section three options will be compared to determine the relative 
costs of producing a disinfected, dry sludge which could have almost unlimited 
reuse. These options are: 

• Vacuum filter + compost + radiation (A2) 
• Filter press + flash dry (A6) 
• Thermal condition + vacuum filter + flash dry (All) 

Figure 8 presents the cost comparision for these three alternatives. The 
data shows that composting followed by radiation is the least expensive form 
of producing a dry, pathogen free product. 
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EVALUATION OF THE TREATED SLUDGE PRODUCT 

The cost of a treatment scheme is an important consideration in choosing 
the most desirable method of sludge treatment. However, it does not consti
tute the sole decision criteria. The degree of treatment received is also a 
major factor. This section will evaluate the effect a treatment process has 
on two important parameters--disinfection and odor. 

DISINFECTION 

A wide variety of pathogenic bacteria, virus and parasites occurs in 
municipal sludge. A partial list of human enteric pathogens occurring in 
sludge and the diseases associated with the pathogen is given in Table 5. 
This section outlines the major sludge treatment process. Table 6 indicates 
the disinfection achieved by these processes. 

• Mesophilic anaerobic digestion is the most popular method of biolog
ically stabilizing municipal sludges. Studies(2) have indicated 
that mesophilic digestion can effectively reduce the concentrations 
of such bacteria as Endamoeba hystoloytica «100%), Salmonella 
thyphosa (92%), Tuberculibacilli (95%), and Escherichia coli «100%). 
Additional work(3) shows that an anaerobically digested sludge 

contains an agent with virucidal activity against polio virus. 
Although digestion reduces bacteria and virus populations, it does 
not disinfect sludge. Therefore, mesophilic anaerobic digestion 
cannot be relied upon to lower levels sufficiently for safe land use 
or to retard growback of pathogens. Recent studies at the Hyperion 
Treatment Plant in Los Angeles, California, indicate the degree of 
pathogen destruction achievable through thermophilic anaerobic 
digestion is significantly higher. Pathogenic bacteria and indi
cator organisms present in the raw sludge are essentially destroyed. 
Further studies are needed to determine the effect and extent of 
biological growback of the pathogenic bacteria. 
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TABLE 5. Pathogenic Organisms Which can Potentially be Transmitted by 
Water, Sewage, and Sludge (Source: Reference 5) 

Causative Agent Disease 

Poliovirus Poliomyelitis 

Virus Infectious Hepatitis 

Coxsackievirus Mild Infections 

Echovi rus Mil d Infecti ons 

Revirus 

23 

Remarks 

Exact mode of transmission 
not yet known. Found in 
effluents from biological 
sewage treatment plants. 

IIVi ra 1 hepatiti s II is a generi c 
term that covers at least two 
distinct forms of hepatitis. 
Hepatitis type A, known as 
lIinfectious hepatitisll, is. 
the generally accepted term 
for epidemic, community
acquired disease. Type A 
virus is present in the feces 
and blood of infected persons 
who can contaminate milk, food, 
and water. Hepatitis type B, 
also known as IIserum hepati~ 
tisll, is ordinarily transmit
ted by the parenteral route 
and is commonly associated 
with drug abuse and transfu
sion of blood and blood pro
ducts. 

Responsible for asceptic menin
gitis pleurodynia, and infan
tile myocarditis. They commonly 
cause diarrhea in infants and 
young c h il dren. 

These viruses (enteric cyto
pathogenic human orphon vir
uses) have been associated 
with illnesses of asceptic men
ingitis, rash, and respiratory 
diseases. 

Diarrhea and respiratory 
diseases similar to those 
noted for adeno-virus. 



Causative Agent 

Adenovirus 

Gastroenteritis and 
diarrhea virus 

Coliform Species 

Pseudomonas Species 

Proteus Species 

Vibrio Comma 

Salmonella (many 
species) 

TABLE 5. (Cont1d) 

Disease Remarks 

Respiratory Infections Many of the adenoviruses have 
been associated with a variety 
of respiratory diseases (i.e, 
colds, influenza-like illnes~ 
ses, bronchitis, croup, a 
typical pneumonia). 

Diarrhea and Internal 
Infections 

Diarrhea 

Diarrhea 

Cholera 

Salmonellosis 

24 

Causative agents not known but 
thought to be viral in some 
instances. In terms of magni
tude, gastroenteritis and diar
rheal disease are probably most 
important diseases transmitted 
by water. 

Implicated in several cases of 
infant diarrhea in hospitals. 
In rare cases known to cause 
cardiovascular infections. 

Transmitted by sewage and pol
luted waters. Disease often 
terminates in death. Endemic 
in India and S.E. Asia. Has 
occurred in Europe and N & S 
America. No reported cases in 
U.S. since 1913. During an epi
demic in London in 1854, the 
causative organism was shown 
to be transmitted in water, 
making cholera the first 
disease for which this impor
tant fact was known. 

Salmonellosis may range in sev
erity from intestinal discom
fort to fatal disease such as 
typhoid fever (see below). Food 
infections from salmonella are 
quite common. 
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Causative Agent 

Salmonella Typhosa 

Salmone 11 a 
Pa ra typhosa 

Shigella Dysenteriae 
and Others 

Bacillus Anthracis 

Brucella 

Mycobacterium 
Tuberculosis 

TABLE 5. (Cont'd) 

Disease 

Typhoid Fever 

Paratyphoid Fever 

Shigellosis, Bacillary 
Dysentary 

Anthrax 

Brucellosis - Malta 
or undulant fever 
in man. Contagious 
abortion-Bang's 
disease in sheep, 
goats, cattle. 

Tuberculosis 

25 

Remarks 

Occurs in all parts of the 
world but infrequently where 
good sanitation and purifi
cation of water is practiced. 
Can survive in water for a 
week or more, also transmitted 
by milk, common in sewage and 
effluents in times of epidemics. 

Resembles typhoid fever but is 
usually less severe. Common in 
sewage and effluents in times 
of epidemics. 

Dysentery is a clinical condi
tion with intestinal inflama
tion, diarrhea, and water 
stools containing blood, mucus, 
and pus. Polluted water main 
source of infection. 

Found in sewage. Spores 
resistant to treatment. In 
man generally appears as a 
disease of the skin. Can be 
fatal if left untreated. 

Normally transmitted by 
infected milk or by contact. 
Sewage also suspect. 

Isolated from sewage and pol
luted streams. Water is a 
possible mode of transmission. 
Care with sewage and sludge 
from sanatoria. Deaths have 
been sharply reduced by early 
detection and treatment. Est. 
80,000 new cases per year in 
U.S. WHO reports death rate in 
Central and S. America three 
times greater than in N. 
America. 



Causative Agent 

Leptospira Icterohae
morrhagia 

TABLE 5. (Contld) 

Disease 

Leptospirosis (Weil IS 

Disease) 

Entamoeba Histolytica Amoebic Disentery 

Giardia-Lamblia Giardiasis Giardia 
(Flagellated Proto- Infection 
zoan) 

Schistosoma Schistosomiasis Bil
harzia (Blood Flukes) 
In N. America a mild 
disease called 
II swimmer ls itch". 
Liver and Intestinal 
Flukes 
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Remarks 

Jaundice-like disease in man. 
Carried by sewer rats or con
taminated water. Documented 
as occurring in sewer workers 
in England. 

Spread by contaminated waters 
and sludge used as fertilizer. 
Also transmitted by uncooked 
vegetables fertilized by sew
age or sludge. Common warmer 
countries. Organism can form 
a cyst which is resistant to 
disinfection. 

Clinical manifistations range 
from asymptomatic cyst passage 
to severe malabsorption. Mean 
duration of the illness is often 
2 to 3 months. In 1974 an out
break of Giardiasis occurred in 
Rome, NY, where 4800 persons 
were affected. Giardia cysts 
are not destroyed by chlorina
tion at dosages and contact 
times normally employed in water 
treatment, but it is felt that 
they can be removed by coagula
tion. 

Eggs excreted in urine or feces 
of infected person. Hatch on 
contact with water and enter 
snail host. Emerging cer
cariae penetrate directly into 
human skin. Infection may con
tinue for years as an insidious 
drain on body vigor. Widespread 
in Africa, Near East and Orient 
where more than 90% of popula
tion may carry the worms. 
Egyptian government considers 
disease to be major obstacle 
to countryls economic progress. 
Probably killed by efficient 
sewage treatment. 
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Causative Agent 

Taenia 

Ascaris Lumbricoides 

Ancylostoma 
Duoderale 

Necator Americanus 

TABLE 5. (Cont'd) 

Disease 

Tape Worms 

Round Worms Nematode 
Worms 

Hookworm 
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Remarks 

Eggs very resistant, present 
in sewage sludge and sewage 
effluents. Danger to cattle 
on sewage-irrigated land or 
land manured with sludge. 
Cattle in Southwest grazing on 
pastures treated with sludge 
tainted with eggs of Taenia 
saginata have contracted 
I' beef meas 1 es. " 

Prevalent throughout the world. 
Described as "one of man's most 
faithful and constant companions 
from time immemorial." Danger 
to man from sewage effluents 
and dried sludge used as fertil
izer. 

Formerly very prevalent in the 
Southeastern United States. 
Infections developed in sewage 
farm workers in England. Adult 
worms live in intestines, fasten
ing themselves to walls by means 
of their strong mouth parts. Eggs 
excreted in feces. Subsequent 
larval stage may enter host 
through skin. 



TABLE 6. Disinfection Ability of Some Sludge Treatment Processes 

Process 

Mesophilic Anaerobic 
Digestion 

Thermophilic Anaero
bic Digestion 

Lime Stabilization 

Thermal Conditioning 

Flash Drying 

Incineration 

Composting 

Sludge Lagoons 

Irradiation 

Thermoradiation 

Pasteurization 

Treatment 
Specification 

25 days at 35°C 

16 days at 47.8°C 

600 lb lime per 
ton dry sludge 
solids 

204°C at 150 to 
400 psig for 20 
to 40 minutes 

Gas Temperature of 
649°C to 760°C 

~1ultiple Hearth 
Furnance 

Stati c Pil e 
Method - 7 weeks 
with Temperatures 
above 66°C 

20°C 

106 rads for 
3 minutes 

55°C and 300,000 
rads for 5 minutes 

70°C for 45 min-
utes 
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Disinfection 

Pathogen reduction with some virus 
inactivation 

Pathogen reduction improved over 
mesophillic anaeorbic digestion 

Pathogen reduction 

Pathogen inactivation (including 
viruses) 

Pathogen inactivation (including 
viruses) 

Pathogen inactivation (including 
viruses) 

General pathogen and virus inactiva
tion 

Pathogen reduction 

Pathogen inactivation - Little virus 
destruction 

Pathogen inactivation (including 
viruses) 

Pathogen inactivation (including 
viruses) 



• Lime stabilization is another method used to eliminate pathogens 
present is sewage sludge. Battelle researchers(4) have shown that 
significant reductions in indicator and pathogenic bacteria can be 
achieved by lime treatment. Tests on fecal coliform, fecal strep
tocci, Salmonella species, and Pseudomonas aeruginosa were conducted. 
At pH :12.0 all were inactivated after 1 hr of contact time. This 
was accompanied by a drop in pH. High pH maintenance can be obtained 
by overdosing with lime. When large concentrations of both hydroxyl 
ions and undissociated Ca(OH)2 are present in the system, sufficient 
OH- species exist to allow chemical reactions to proceed without an 
attendant decrease in pH. Unfortunately, this high-pH-sludge tends 
to increase the soil pH. This may cause problems if excessive 
quantities of lime treated sludge are spread on agricultural land. 

• Thermal conditioning, flash drying and incineration are processes 
that disinfect as a result of their high operating temperature 
(>150°C). Table 7 shows the time-temperature relationship necessary 
for destruction of some pathogens. Both thermal conditioning and 
flash drying consistently produce a sludge devoid of pathogens. 
Incineration leaves an inert, disinfected ash. 

• Static pile composting is an effective means of reducing the pathogens 
in sludge. Tests(6) show large reductions in numbers of fecal and 
total coliforms and usually show elimination of any salmonella 
bacteria. As seen in Table 8 pathogen survival in compos ted sludge 
is highest in the lower corner of the compost pile (Location 4). 
From time to time it is possible to locate salmonella in low numbers 
in compost. However, Dr. S. D. Burge, a research microbiologist 
with the U.S. Department of Agriculture, reported(7)there is more 
danger from salmonella when food is left at room temperature or 
when walking in a park where dogs are given free rein than from 
compost. Dr. Burge has also performed experiments(7) using F-2 
phase as an indicator innoculating a gram of compost with 107 virus 
particles. These were destroyed by the greater than 66°C temperatures 
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generated during the 7-week composting period. From Reference 7 
the consensus of researchers is that compost is virtually free from 
coliform, fecal coliform, salmonella, viruses, secondary fungal 
pathogens and ascaris ova. 

TABLE 7. Temperature and Time for Pathogen Destruction in Sludges 
(Source: Reference 5) 

Exposure Time (Minutes) for Destruction 
at Various Tem~eratures {ec} 

Microorganisms 

Cysts of Entamoeba Histo1ytica 

Eggs of Ascaris Lumbricoides 
Brucella Abortus, Brisuis 
Corynebacterium Diptheriae 
Salmonella Typhi 
Salmonella sp. 
Escherichi Coli 
Micrococcus Pygogenes ·Var. Aureus 
Mycobacterium Tuberculosis Var. 
Hominis 
Viruses 
Shigella sp. 
Taenia 
Trichinella Spira1is Larvae 
Streptococcus pyogenes 

50 

5 
60 

55 

few seconds 
7 

60 
45 

60 

60 

60 
few minutes 
few seconds 

10 

60 65 70 

3 
4 

30 
15-20 

20 5 
20 

20 
25 

instantly 

• Disinfection by sludge lagoons has not been studied sufficiently to 
report quantitative data. Lagoons have been reported to get a 
strong, consistent reduction in pathogens when temperatures are near 
20e C (G. Stern, Environmental Protection Agency). ~ 
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TABLE 8. Bacteria Concentrations in Static-Pile Composted Raw and Digested 
Sludge (cells/g) (Source: Reference 6) 

Bacteria 
Initial 

Concentration 
Location in Pile* 
234 -----'---- 5 

Raw Sludge 

Tota 1 Co 1 iform 

Fecal Coliform 

S11 man::: 11 a 

3.9 (108) 

1.6 (107) 

37 

43 

<8 

<8 

18 

715 

<8 

5.0 

0.9 
<8 

32 
<8 

<8 

Digested Sludge 

Total Coliform 5.8 (107) 176 3.4 29 4.1 (lOS) 27 

Fecal Coliform 2.6 (106) 0.03 0.1 0.09 29 0.03 
Salmonella <10 <10 <10 <10 <10 <10 

* Location is shown in diagram below: 

• Sludge irradiation. Experiments(8) examining the biological effects 

of sludge irradiation indicate that it is extremely effective for 
the destruction of pathogenic bacteria. "Colony-forming-ability" 
was used to measure survival of coliforms, salmonellas, and fecal 
streptococcus bacteria. Reduction in embryonation ability was used 
to indicate inactivation of Ascaris lumbricoides. Table 9 shows the 
population reductions achieved by exposing the bacteria to an 

absorbed dose of 1 Megarad (Mrad) at 23°C (radiation treatment) or 

300 kilorads (krads) at 55°C (thermoradiation). 
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TABLE 9. Effectiveness of Sludge Irradiation 
for Bacteria Inactivation 
(Source: Reference 11) 

Number Logs Reduced 
Organism Radiation Treatment Thermoradiation 

Coliforms 

Fecal Strep 

Salmonella 

Ascaris Ova 

>15 

>10 

>15 
>15 

>15 

>7 

>15 
>15 

Radiation was not very effective on the virus population. (9) 

Sewage sludge seeded with attenuated polio virus and exposed to 
1 Mrad saw a <2 log reduction in the virus population. When the 
sludge was heated to 55 DC and exposed to a 300 krad source the 
log reduction was >9. (9) Thus, thermoradiation is qenerally 

effective because the heat kills the viruses. Studies(lO) with 

T4 bacteria phase show essentially complete inactivation with 
thermoradiation treatment. 

• Pasteurization is the last sludge treatment process with disinfec

tion abilities considered in this report. Pasteurizing at 70 DC 
for 45 min would destroy all the microorganisms listed in Table 7. 
Research studies(12) have shown that 70 DC for 30 to 60 min destroys 

pathogens in digested liquid sludge. Tentative EPA guidelines 
and California State Department of Public Health guidelines imply 
that 70 DC for 30 min is sufficient for pasteurization. 

The effect of any sludge stabilization process on odor is significant in 

the analysis of sludge treatment alternatives. Odors are the result of decompo

sition of the organic material in the sludge. Odor is eliminated or inhibited 

by controlled biological degradation or chemical stabilization of the organic 

matter. Also, physical attack on the microorganisms causing the degradation 

of the organic matter should reduce odor. 
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Table 10 lists the effects of the various treatment alternatives on odor. 
The investigation of available literature indicates a substantial variation 
in absolute numbers relating the threshold numbers. This is because tests 
that quantitatively measure odor are subject to inaccuracies since the panels 
which do the testing are randomly selected. Therefore, in comparing odor 
effects, the relative change in odor versus a control sample is taken into 

account in Table 10. 

TABLE 10. Odor Effects of Sludge Treatment Alternatives 

Treatment Process 

Anaerobic Digestion 
Lime Stabilization 
Sludge Lagoons 
Pasteurization 
Irradiation 
Thermoradiation 
Composting 

+ Improved 
o No Difference 
- Worse 

Odor 

+ 
+ 

0/-
0/-
0/-
0/-
+ 

Improvement 
Threshold Odor 

Number 

3x 

+lOx 

Qua 1 itati ve 
_3x 

_3x 

Qualitative 

In the following text odor effects and various treatment processes are 
compared. 

• The odor level of thermophilically digested sludge is approxi
mately the same as that of mesophilically digested sludge 
(W. Garber, Principal Sanitary Engineer for the City of Los 
Angeles). The literature(13) indicates that mesophilic digestion 

improves on the threshold odor limit of raw sludge about three

fold. However, the residual volatile acids, an important source 
o~ odor, are somewhat higher in thermophilic digestion. 
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• The value of anaerobic lagoons as an odor eliminating practice 

• 

is questionable. Numerous sources indicate the inadvisability 

of using lagoon storage unless it follows anaerobic digestion 

because of severe odor problems caused by the uncontrolled 

decomposition of the organic sludge. This evidence indicates 

that anaerobic lagoons do not significantly improve the odor of 

raw sludge. This indicates a very important point in the 

biological stabilization of organic wastes. Controlled degrada

tion can eliminate or lessen odor problems. Uncontrolled degrada

tion can cause more odor problems than originally existed. 

Lime stabilization reduces threshold odor levels tenfold. (4) 

This is achieved through the creation of a high pH, hostile environ

ment in the sludge, thus eliminating or suppressing the growth of 

microorganisms that produce nuisance conditions. Additional studies 

are needed to determine if odor problems return when the pH is 

allowed to return to a level more attractive to microbiological 

growth. 

• Pasteurization, irradiation, and thermoradiation all physically 
destroy or inactivate the organisms responsible for degradation. 

Odor problems should be lessened because of this physical destruc

tion. However, this is not the case. 

• No qualitative odor evaluations were found on pasteurization. 

• 

However, on a qualitative basis, Sandia personnel reported that 
they found the odor of pasteurized sludge to be worse than that 
of raw or digested sludge. A qualitative study performed by 

Battelle showed that the relative odor level ~f raw and pasteurized 
sludge was essentially the same. 

Studies at Battelle(l~) reported that irradiated and thermoirradiated 

sludge had a threefold higher odor threshold number than raw sludge. 

This result is surprising. The destruction of organisms should slow 

the odor-producing decomposition of the sludge. Further studies 

are needed to determine the reason for the increased odor. 
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HEAVY METALS AND SLUDGE REUSE 

Sewage sludges are known to contain trace amounts of a wide spectrum of 
naturally occurring elements. Some of these elements can be toxic to humans 
if they accumulate in the food chain. Elements of primary concern are the 
heavy metals cadmium, copper, lead, nickel, and zinc. Table 11 indicates the 

concentration of 13 metals in over lOa sludge samples from 32 wastewater 
treatment plants. Table 12 compares the amounts of trace elements in waste
water sludges with amounts naturally occurring in soils. It also predicts 
the increase in concentration as a result of adding lOa metric tons of sludge 

to soil. 

The availability of heavy metals in sludge to crops depends on soil pH 
and cation exchange capacity, phosphorus, calcium, organic matter, and crop 

variety, species, origin and age. Furthermore, the heavy metal content in 
sludges can vary widely from treatment plant to treatment plant. Therefore, 
it is extremely difficult to quantify on a national basis the quality of 
the treated sludge product with regard to metal content. Most of the states 

do have, or are in the process of formulating, regulations controlling the 
quantities of the known toxic metals that could be applied on the land. 
California has suggested limiting cadmium concentration to 25 ppm. Many of 

the sludge based soil conditioners currently on the market exceed this limit. 

Therefore, the success of a sludge reuse program may hinge on heavy metal 
concentration. 

There are several research projects currently underway in the United 
States investigating heavy metal removal. No reduction in heavy metal content 
has been observed from radiation treatment. Municipalities may be able to 

stop the discharge of some heavy metals (e.g. cadmium) into sewerage systems 
by eliminating the industrial source. However, positive action must be taken 
or the widespread reuse of sludge will be restricted in spite of the level 
of disinfection. 
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TABLE 11. Average Concentrations of Metal in Raw Sludge and Digested 
Sludge(a) (Source: Reference 5) 

Metal 

Raw 
Sludge 

Silver 

Boron 

Cadmium 

Calcium 

Chromium 

Cobalt 

Copper 

Mercury 

Manganese 

Nickel 

Lead 

Strontium 

Zinc 

Digested 
Sludge 

Silver 

Boron 

Cadmium 

Calcium 

Chromium 

Cobalt 

Copper 

Mercury 

Manganese 
Nickel 

Lead 

Strontium 

Zinc 

Arithmetic 
Std. Dev. 

Mean (+ and -) 

490 

880 

30 

13,800 

1,370 

700 

860 

15 

1,310 

580 

1,380 

190 

1,960 

250 

430 

75 

36,500 

1,860 

350 

1,590 

10 

1,300 

680 

2,750 

250 

4,210 

370 

410 

15 

7,830 

1,400 

770 

550 

23 

2,860 

540 

775 

75 

1,000 

230 

310 

104 

23,800 

1,920 

220 

1,670 

18 

2,290 

620 

2,350 

570 

3,800 

Geometric 
Std. Dev 

Mean (~and x)t b) 

355 

775 

27 

11,700 

940 

410 

740 

8.2 

460 

420 

1,150 

175 

1,740 

190 

380 

43 

31,100 

1,050 

290 

1,270 

6.5 

475 

530 
2,210 

290 

2,900 

2.51 

1. 67 

1. 53 

1. 82 

2.75 

2.32 

1. 57 

2.54 

3.32 

2.12 

1. 95 

1. 45 

1. 56 

1. 99 

1. 58 

2.47 

1.77 

3.22 

1. 88 

1. 95 

2.34 

3.57 

1. 88 

1. 82 

2.70 

2.40 

Median 
(50% Value) 

>100 

805 

20 

13,900 

750 

240 

660 

5.5 

200 

335 

1,150 

<100 

1,880 

100 

350 

31 

30,000 

1,100 

<100 

1,230 

6.6 

380 

410 

830 

175 

2,730 

(a i A11 values in mg/kg dry weight basis. 

(b)Standard deviation of the geometric mean is a ratio and has no 
un its. 
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TABLE 12. Comparison of Amounts of Trace Elements in Wastewater Sludges 
and Soils (Source: Reference 5) 

• Amount present in 
soil, kg/ha 

Concentration Amount Appliyd) Norma 1 Typical 
Element in Sludge ug/g to Soil, kg/ha a Range Level 

Arsenic 5 0.5 0.2-80 12 
Barium 1,000 100 200-6,000 1,000 

Boron 50 5 4-200 20 
Cadmium 10 1 0.2-1.4 0.12 
Chromium 200 20 10-6,000 200 

Cobalt 10 2-80 16 
Copper 500 50 4-200 40 
Lead 500 50 4-400 20 
Manganese 500 50 200-8,000 1,700 
Mercury 5 0.5 0.02-0.6 0.06 
t~olybdenumn 5 0.5 0.4-10 4 
Nickel 50 5 20-2,000 80 

Selenium 1 0.1 0.02-4 0.4 

Silver 10 0.02-10 0.2 
Tin 100 10 4-400 20 
Vanadium 50 5 40- 1 ,000 200 

Zinc 2,000 200 20-600 100 

(a)Assuming 100 metric tons of a domestic sludge is mixed to a depth of 
15 cm and the bulk density of the soil is 1.33 g/cm3. 
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POTENTIAL PRODUCT VALUE 

During the course of this study it has been assumed that dried 
sludge has a marketable value as a soil conditioner or fertilizer. This 
value may be based on price levels for commercial fertilizer or on the 
receipts from current sales of dried sludge. 

Table 13 indicates approximate price levels for commercial fertilizer. 
BJs~d on these price levels and ass~ming various concentrations of nitrogen, 
phosphorous, and potassium in sludge, the economic value of the nutrients 
in sludge was calculated(5) with results shown in Table 14. This evaluation 

assumes that all nutrients have a value, which may not be the case in 
reality. For example, if the sludge is applied to satisfy the nitrogen 
requirement, then excess potassium should have no dollar value. 

During 1975 and 1976 the firm Culp/Wesner/Culp conducted surveys(14) 

for the U.S. Environmental Protection Agency to determine user acceptance 
of sewage sludge. The results indicated that the upper price limit for 
bulk sewage sludge would be $4-$10/ton and for packaged sewage sludge 
about $60/ton at the point of sale based on West Coast price levels. 
Historical sludge prices are shown in Figure 9. 

TABLE 13. Assumed Prices for Fertilizer 
Nutrients, Approximately 1976 
Dollars (Source: Reference 5) 

Nutrient 

N (Nitrogen) 
P205 (Phosphate) 

K20 (Potash) 

Price Range 
( Do 11 a rs/ Pound) 

Hi gh t·1edi um Low 

0.30 
0.25 
0.12 
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0.20 
0.20 
0.10 

0.10 

0.15 
0.08 
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TABLE 14. Value of Nutrients in 1 Ton of Dry Sewage Sludge Assuming 
Various Nutrient Contents and Commercial Fertilizer Prices* 
(Source: Reference 5) 

Nutrient Content 

Value of Nutrients 
in Sludge** 

High Medium Low 

Low (N = 2.0%, P205 = 1.1%, K20 = 0.12%) $ 9.80 $ 7.30 $ 4.80 
Medium (N = 3.3%, P205 = 5.3%, K20 = 0.4%) 34.00 26.40 18.70 
High (N = 5.0%, P205 = 9.2%, K20 = 2.4%) 61.70 48.20 34.70 

* It is assumed that one-third of the total N would be immediately 
available to crops while all of P205 and K20 would be available. 

** Based on three different levels of fertilizer prices as shown 
in iable 13. 
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RADIATION TREATMENT COSTS AND BENEFITS 

The purpose of this section is to investigate the cost/benefit relation
ship developed when radiation is added to a sludge treatment scheme. 
The general benefit of radiation is high pathogen destruction. This allows for 
a more widespread use of the irradiated sludge. However, treatment options 
that do not employ a stabilization process and produce a moist or wet sludge 
(Options Bl , B21 , C8, and C9) may not be able to capitalize on the benefit 
due to strong odor problems and pathogen growback potential. Sludge subjected 
to treatment schemes producing only 5% moisture (Options Al , A4, A5) has 
probably already been disinfected sufficiently without being irradiated. The 
remaining options using radiation treatment benefit from the added disinfec
tion. However, the cost of irradiating wet sludge is greater than pasteuriza
tion. Since the benefit of radiation treatment can be provided by thermal 
treatment at less cost, radiation is not a desirable method for treating wet 
sludge. Furthermore, the benefit of disinfecting wet sludge may be offset by 
problems with transport and pathogen growback. 

Radiation is the least expensive option for a dry product if additional 
disinfection is required after composting. However, little incentive exists 
for irradiating sludge unless regulatory agencies restrict reuse to highly 
disinfected products . 
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APPENDIX A 

TECHNICAL DESCRIPTIONS OF MUNICIPAL SLUDGE TREATMENT PROCESSES 

ANAEROBIC DIGESTION 

Anaerobic digestion is a two-phase biochemical process in which micro
organisms assimilate and break down organic matter. In the first phase, 
complex organic materials are converted to simpler organic materials and 
then to short chain organic fatty acids. The facultative and anaerobic 
bacteria that accomplish this are called "acid formers". In the second 
phase, strictly anaerobic bacteria called "methane formers" convert the 
organic acids into gaseous products, primarily methane and carbon dioxide. 

Anaerobic digestion is an old process. The Imhoff process and the back
yard septic tanks are two examples of anaerobic treatment used for many 
years. Old conventional digesters were usually unmixed, with sludge pumped 
into the middle. The stabilized solids settle to the bottom and are removed 
while the supernatant is drawn off the top. The active layer in the center 
of the tank is the prime area of anaerobic degradation. Newer high rate 
anaerobic digestion units are usually completely mixed, either mechanically 
or by the recycling of compressed digester gas. This increases the active 
area of decomposition and significantly increases the rate of stabilization. 
Additionally, a second, unmixed digester can be used in series with the mixed 
digester to accomplish two-stage digestion. The second-stage digester serves 
to collect gas, return supernatant to the head works of the plant and sepa
rate digested sludge. Two-stage digestion is not yet a common practice. 

The digesters are usually heated to allow the biological degradation to 
" 

proceed in either the mesophilic or thermophilic temperature range. The 
methane gas production from the system is a useful by-pro9uct which can be 
used either onsite or offsite. 
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LIME STABILIZATION 

Lime has been used in the past to eliminate nuisance conditions result
ing from open pit latrines and burial sites for domestic animals. Farrel 
et al. (1) found that the addition of lime to be effective in both deodoriza
tion and disinfection. Battelle-Northwest conducted a study in 1974(2) which 
yielded similar results. 

In the Battelle study, lime was added to raw sludge to bring the pH up 
to 12.0. The sufficient lime dose for sludge stabilization proved to be 
dependent on pH and not on the number of organisms present. The high pH 

sludge is unable to sustain microbiological growth. Care is taken to ensure 
that the lime dose is sufficient to prevent the pH from dropping to lower 
levels. Studies(1,2) have shown that the degree of pH decay over time is 

lowered significantly if the initial pH of the sludge is above 12.0. The 
results at Battelle indicated that pathogen kill was substantial, odor 
problems significantly decreased, and sludge dewaterability improved. 

A typical system treats raw sludge at 1 to 5% solids. Sufficient lime 
is added in a rapid mixer to raise the pH above 12.0. The treated sludge is 

placed into a contact tank for a period of time to stabilize the sludge at 
the elevated pH. The sludge is then removed and either dried for further 
use or disposed of directly. 

THERMAL CONDITIONING 

Thermal conditioning by the low pressure wet air oxidation process 
utilizes the principle that any substance capable of burning can be oxidized. 
This is usually done in the presence of oxygen and liquid water at tempera
tures between 176.7 and 204.4°C. The degree of oxidation depends on the 
temperature, pressure, feed solids concentration, and amount of air or oxygen 
supplied. The process does not require preliminary dewatering or drying 

and thus can operate on difficult to dewater waste liquors and sludges where 
the solids are but a few percent of the water streams. Water can be present 

up to 99% in this process. By operating at lower temperatures and pressures, 
the same approach may be used for sludge conditioning. 
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Commercialized and patented as the Zimpro process, wet air oxidation 
has also been known as wet incineration, wet combustion, and wet oxidation. 
In the continuous process, sludge is passed through a grinder which reduces 
large particles to a maximum 1/4 in. size. Air is then pumped into the 
sludge and the mixture is passed through heat exchangers and brought to the 
initiating reaction temperature. As the mixture moves into the reactor, 

oxidation takes place and the temperature increases. After 15 to 60 minutes, 
the oxidized products leave the reactor to be cooled in heat exchangers 

against the entering cold sludge and air. The oxidized liquid and remaining 
suspended solids are released through a level control valve and the solids 
may be separated by settling and drainage in decant tanks, lagoons or sand
beds, or by other methods such as vacuum filtration or centrifugation. 

With wet air oxidation, air pollution is minimized because the oxida
tion takes place in water at low temperatures and no fly ash, dust, sulfur 
dioxide, or nitrogen oxides are formed. The gases that do result are sepa
rated from the liquid and released through a pressure control valve to a 
catalytic oxidation unit for odor control. Where economic conditions make 
it attractive, the gases may be expanded in power recovery equipment before 

being discharged. 

VACUUM FILTRATION 

Vacuum filtration is a continuous process consisting of a rotating drum 
which continuously passes through a trough or pan containing the feed sludge. 
The cylindrical drum which is covered with some type of filter media is sub
merged about 20 to 40% in the trough. Radial partitions divide the filter 
drum into compartments, each alternately subjected to pressure and suction 
during each revolution. As a vacuum normally ranging from 24 to 28 in. of 
mercury is applied, sludge cakes on the filter media. This is known as the 
pickup portion of the cycle. As a point on the drum rotates out of the 
trough, the vacuum is decreased to between 20 and 26 in. of mercury. This 
represents the drying portion of the cycle. The filter cake is subsequently 

scraped off via blades or rollers. The separated water (filtrate) collected 
during the cycle is discharged to a drainage system. 
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FILTER PRESSING 

Filter pressing is a batch operation and achieves solids-liquid separa
tion through use of a porous media under pressure. The press consists of a 
number of verticle plates or trays which are held rigidly in a frame and 
pressed together. A filter cloth is mounted on the face of each individual 
plate. 

During filtration~ sludge is fed into cavities between the trays. The 
water passes through the fibers of the filter cloth and solids are returned. 
Sludge feeding stops when the cavities are completely filled. When the fil
trate flow is near zero, the plates are disengaged and the filter cake dis
charged to a hopper or conveyor beneath the unit. 

FLASH DRYING 

A flash dryer consists of a pneumatic-conveyor employing hot gas as the 
conveying medium. (3) The moist sludge is mixed with hot gases from the fur
nace at about 650 to 760°C. Vaporization of the water begins as the mixture 
enters a cage mill. The cage mill mechanically agitates the sludge-gas mix
ture exposing the maximum sludge surface area to the hot gas. Retention 
time in the cage mill is a matter of seconds. The dried sludge is separated 
from the spent drying gases in a cyclone. The heat dried sludge exits the 
cyclone at about 70°C. 

INCINERATION 

Sludge incineration is a drying and combustion process used to reduce 
the volume of wastewater solids as well as minimize their environmental 
impact. Characteristic phases in this process include: a) raising the 
temperature of the feed sludge to 100°C, b) evaporating water from the 
sludge, c) increasing the water vapor and air temperature of the gas, and 
d) increasing the temperature of the dried sludge volatiles to the ignition 

point. The drying and combustion procedure may take place in separate units 
or successively in the same unit. Fuel, air, time, temperature, and tur
bulence are all necessary for a complete reaction. 
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There are several types of incinerators being used throughout the world. 
The two major incineration systems employed in the United States are the 
multiple hearth furnace and the fluidized bed incinerator. 

The multiple hearth furnace is the most widely used wastewater sludge 
incinerator because it is simple, durable, and has the flexibility of burn
ing a wide variety of materials even with fluctuations in the feed rate. It 
is composed of a number of circular refractory hearths stacked one above 
another and a central rotating shaft to which rabble arms are attached. The 
dewatered sludge is fed into the top hearth and moved by the rotary action 
of the rabble arms. Rabble arms have inclined teeth that plow the sludge, 
exposing fresh surfaces to hot gases. The plowing action also moves the 
sludge to ports leading to successively lower hearths. The sludge dries in 
the upper hearths, burns in the middle hearths, and cools as ash in the 
lower hearths. Capacities of multiple hearth incinerators vary from 200 to 
8,000 lb of dry sludge per hour with operating temperatures as high as 925°C. 

The fluidized bed incinerator is a newer process for sludge incineration 
than the multiple hearth furnace. It consists of a vertical refractory-lined 
cylindrical shell with a grid in the lower section to support a sandbed. 
Dewatered sludge is injected above the grid and combustion air flows upward 
at a pressure of 3.5 to 5.0 psig and fluidizes the mixture of hot sand and 
sludge. Both moisture evaporation and combustion occur at 760 to 815°C in 
the sandbed. A fluidized bed incinerator can be operated 4 to 8 hours a day 
with little reheating when restarting because the sandbed serves as a heat 
reservoir. 

It is important to obtain a maximum solids concentration prior to sludge 
incineration. This will aid in high temperature combustion of products and 
moisture. Temperatures of 730 to 760°C are generally accepted as necessary 
to insure deodorization of the stack gases of a conventional incinerator. 
The heat required to evaporate the water nearly balances the available heat 
from combustion of the dry solids when a sludge with a moisture content of 
about 75% is delivered to the incinerators. Heat from stack gases may be 
recovered to aid the incineration process by preheating the incoming furnace 
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air or conditioning the incoming sludge to achieve a 30 to 40% solids con

centration. Incineration may be self-sustaining if sufficient heat is 

available in the stack gases. 

The combination of sludge and municipal refuse is another way to 

enhance incineration. Sludge with 5% solids and 70% volatile solids would 

require 28% refuse to sustain combustion (assuming the heat value of the 

refuse to be 4,750 Btu/lb and the moisture content 25%). 

COMPOSTING 

Composting has been a common practice in rural areas of Europe and Asia 

for many years. The necessity for soil maintenance in heavily cultivated 

areas of these countries makes composting attractive. Because of the ready 

availability of commercial fertilizers, most composting operations in the 

United States have ended unsuccessfully. For example, compost plants in Largo, 

Florida; Houston, Texas, and Gainesville, Florida; all of which combined 
municipal refuse and sewage sludge, have been abandoned. (4) However, recent 

studies(5) at Beltsville, Maryland, by the Department of Agriculture, hold 

promise of more successful U.S. operations. 

Composting is the aerobic biochemical degradation of the organic frac

tion of solid waste material. The product is a humus-like substance that 
is used primarily for soil conditioning. It entails the use of naturally 

occurring microorganisms. 

Ideally, these microbes degrade the organic materials and raise the 

stable operating temperature above 45°C. The operating temperature is con
trolled to a great extent by the oxygen present and/or the amount of aera
tion provided. Adequate ventilation must be provided to ensure the survival 

of the aerobic organisms. A good stable operating temperature would be in 

the range of 60 to 70°C. 

The static pile process currently in use at Beltsville has been very 

successful in composting raw sewage sludge without an odor problem. The 

static pile process uses a forced air ventilation system for control of the 
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oxygen present in the compost pile. The pile then remains fixed, as opposed 
to the constant turning used in windrow composting, and the forced ventila
tion maintains aerobic conditions. 

The feed to the process consists of raw sludge filter cake (23% solids) 
and wood chips at a 1:3 ratio on a volume basis. The pile is covered with 
screened compost to prevent odors from escaping into the atmosphere and to 
provide insulation for better heat maintenance. Oxygen content is held 
between 5 and 15% in the pile. Suction is maintained for 16 to 20 days and 
air is then applied to the pile for 8 to 10 days. The exhaust in the first 
stage is discharged in a screened compost pile. 

After stabilization, temperatures in the pile are between 65 to 70°C. 
The sludge composts well and no odor problems have been encountered. 

SLUDGE LAGOONS 

Lagoons are natural or artificial depressions in the ground enclosed 
by an earth dike. The lagoon may be round, square, or rectangular and serve 
as a stage process in the handling of sludge or as a final disposal process. 
Operating liquid depths usually range between 1.5 and 10 feet with a 3-foot 
freeboard. 

Large and inexpensive land areas are required to justify lagooning. 
Frequently the lagoon area exceeds six acres. In such cases it is good 
practice to have multiple cells which can be operated individually, in 
series or parallel. 

RADIATION AND THERMORADIATION TREATMENT 

The purpose of radiation treatment is to inactivate pathogens in sewage 
sludge thereby making sludge more acceptable for beneficial reuse. The 
radiation treatment system consists of an radiation source, such as Cobalt-60 
or Cesium-137, in a tank. Sludge is passed near the source and the high 
energy gamma-rays effectively destroy the pathogens. One megarad of radia

tion is a typical dose. The sludge may exist in a liquid or dry state. The 
sludge does not become radioactive. 
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Studies conducted at Sandia Laboratories in Albuquerque, New Mexico, 

have experimented with combining a smaller radiation dose and heat. The 
studies have shown that the combination reacts synergistically to give much 

better than predicted sludge disinfection. The dose was reduced to 300,000 
rads and the sludge temperature raised to 55°C. This "thermoradiation" 

process appears to improve the dewaterability of the sludge. Thermoradiation 

is usually applied to liquid sludge only due to the difficulties of heating 

dry sludge. There are no full-scale radiation or thermoradiation facilities 
operating in the United States. 

PASTEURIZATION 

Pasteurization is simply the heating of liquid sludge to a specific 

temperature for a period of time sufficient to destroy undesirable organisms 

in the sludge. Previous studies have shown pasteurization to be an effective 

method of destroying pathogens in sludge. The Environmental Protection Agency 
conducted one such study. (6) The final results indicated that a temperature 

of 70°C for 30 to 60 minutes destroyed or inactivated virtually all pathogens 

and paras ites. 

In the pasteurization process, steam is usually produced in a steam 

boiler and used to heat the tank containing the sludge to the appropriate 

temperature. The sludge is kept completely mixed because the thermal con

ductivity of liquid sludge is low. Direct steam injection should be used 
if both organic fouling and inorganic scaling on the heat exchanger reduces 
the heat transfer efficiency. Also, heat recovery after pasteurization is 
difficult for these same reasons. There are no full-scale sludge pasteuriza
tion systems operating in the United States. 
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APPENDIX 8 

COST DEVELOPMENT AND DESIGN CRITERIA FOR UNIT PROCESSES 
USED IN MUNICIPAL SLUDGE TREATMENT 

COST DEVELOPMENT AND DESIGN CRITERIA 

Unit costs have been developed for each sludge treatment process 
described in Appendix A. Whenever possible only data based on actual plant 
construction and operation was used. Much of the data has been supplied by 
manufacturers of equipment utilized in the different processes. Previous 
cost studies were also frequently consulted. When no actual data was avail
able, costs were based on preliminary engineering estimates. 

The costs data for each unit process has been analyzed by the least 
squares method and best fit curves plotted. These curves, with the data 
points indicated, follow the text in this Appendix. Each treatment option 
derives its cost by summing the costs for each unit process used. It must 
be recognized that costs generated from statistical solutions of general 
data points can in no way substitute for cost estimating based on detailed 
knowledge of a particular sludge treatment situation. However, the method 
is useful in preliminary evaluations. 

All costs in this report have been modified to reflect May 1977 dollars 
by using the Engineering News Record Construction Cost Index. Capital cost 
figures include 35% for engineering, legal and administrative services, 
interest during construction and contingencies. Land costs were amortized 
over an infinite period of time at 7% interest. Land costs were only assigned 
to sludge lagoons and composting. A value of $10,000 per acre was assumed. 
Cesium-137 costs were amortized over 20 years at 0% interest. The remain-
ing capital costs were amortized over 20 years at 7%. The cost of housing 
is included in all estimates where housing of equipment may be needed. Yard
work necessary for interconnecting the various unit processes is not included 
in the cost curves. Unit prices used in preparing the estimates for this 

report are presented below: 
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Plant Operator Labor and Supervision 
El ectri city 

Fuel 
Polymers 

Lime 
137 Cs 

Sl udge Quantity 

$lO/hr 
$0.04/kWh 

$2.00/million Btu 

$l/lb 
$28/ton 

10¢/Ci 

The sludge characteristics shown in Table B-1 were used in developing 

the cost estimates for this report. 

Raw Sludge 
Primary 

TABLE B-1. Sludge Characteristics Used in Cost Study 

Volatile Solids, 
lb/million gal 

600 

Total Solids, 
lbLmillion gal 

1,000 

Total 
Sludge 
Solids, 

% 
Total Sludge, 

lbLmillion gal 

Waste Activated 800 1,000 

Total 1,400 2,000 5.0 40,000 
Digested Sludge 

Total 700 1,300 5.0 26,000 

The above characteristics yield the sludge quantities indicated in 
Table B-2. 

TABLE B-2. Sludge Quantities Used in Cost Study 

Treatment Plant Raw Sludge Digested Sludge 
Ca~acit~ Flow, g~m Flow, g~m 

5 mgd 16.7 10.8 
50 mgd 167 108 

100 mgd 333 216 
200 mgd 666 433 
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Anaerobic Digestion 

Anaerobic digestion costs are based on data from References 7, 8 and 
9. The costs assume two stage digestion with an unmixed secondary digester 
equal in size to the primary digester. Volumes were computed by the sidewater 
depth only. No allowance was made for conical bottoms and freeboards. Capital 
costs include the digester and control building structures, and sludge heating, 
circulating and control equipment. Piping within the structure is included, 
but not piping to and from the digesters. The largest practical volume of 
two digesters and a control building was assumed to be 400,000 ft3 The cost 
per unit of digester volume decreases up to this size. For larger volumes, 
multiples of the digester and control building arrangement were assumed with 
no further reduction in unit cost. 

Labor requirements include monitoring and control of the facilities and 
maintenance of the digester, control building, and equipment used in sludge 
digestion. 

Material and supply costs are for maintenance of the structures and 
equipment; electric power for pumps, blowers and ventilation; and auxiliary 

fuel for heat exchangers. 

Anaerobic digesters operating in the mesophilic range (35°C) were 
designed for a 25-day digestion period. This was reduced to 16 days for 
digesters operating in the thermophilic range (47.8°C). Thermophilic 
digesters were costed as mesophilic digesters with an allowance made for 

the additional stream required to raise the temperature to 48°C. In cal
culating additional steam requirements, the minimum raw sludge temperature 
was assumed to be l7.8°C. The heat lost through radiation was taken to 
be 33% for mesophilic digestion and 29% for thermophilic digestion. This 
is consistent with data from actual operation. (9) 

No credit was taken for the digester gas produced. Table B-3 estimates 
the volume of gas produced and heat available from anaerobic digestion . 
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TABLE B-3. Estimated Gas and Heat Available 
from Anaerobic Digestion 

Waste Activated 
Primar~ Sludge Sludge 

Gas Produced, scf per 
million gallons treated 5,175 5,670 

Heat available, Btu per 
million gallons treated 3,105,000 3,402,000 

Source: Reference 10 

Lime Stabilization 

Total 

10,845 

6,507,000 

Lime stabilization costs were based on References 2 and 11. The costs 

include lime storage and feeding, rapid mixing, and flocculation. Lime 

storage and feeding cost estimates were based on the use of hydrated lime 

for plants using 50 lb/hr or less and pebble quick-lime for plants using 

more. The feed rates allow for peak rates equal to twice the average rate. 

Capital costs include feeding equipment, piping, building to house the feed

ing equipment, steel bins with dust collector vents, filling accessories, 

flow and pH metering equipment, and storage for a minimum of 15 days at the 

average feed rate. 

Labor requirements were based on the use of slaked lime and account for 

unloading, slaking and feeding. Assumptions include 1 hr/shift/slaker in 
use, 10 min/hr/feeder, and 4 hr/wk for the slurry pot-feed line. 

Power requirements include allowances for slakers, bin activators, 
grit conveyors, dust collection fans, slurry mixers, and slurry feed pumps. 

Costs presented in this report assume a lime dose of 600 lb/ton of sus

pended solids. This is sufficient to elevate the pH of a mixed primary and 
waste activated sludge to 12.4. (2) 

The rapid mix basin was sized to allow 60 sec of high velocity mixing. 

Capital costs assumed a reinforced concrete basin. The costs are applicable 

to a mean velocity gradient (G) of 600 ft/sec-ft. 
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Labor requirements include 1 hr/day for jar tests, 15 min/day for 
routine operation and maintenance, 4 hr/unit every 6 months for major oil 
changes, and an allowance for draining and cleaning each rapid mix basin 

once per month. 

Power requirements are based on the motor size used. A mixer efficiency 
of 55% was assumed with the unit operating 8760 hr/year. 

The material and supply costs presented are based on 5% of the equip
ment costs. 

Flocculation was assumed to occur in two parallel tanks. The tanks were 
of reinforced concrete design with a 1 hr detention time. A 20% allowance 
was included for excess capacity. The capital costs are based on a G of 
150 ft/sec-ft. Labor and power requirements were based on assumptions simi
lar to those for rapid mixing. Maintenance material costs were assumed to 
be 3% of the equipment cost. 

Thermal Conditioning 

Thermal conditioning costs were based on data from Reference 8. The 
low pressure wet air oxidation process was used to condition the sludge. 
Costs for this process are divided into three parts: 1) oxidation costs, 
2) recycled liquor costs, and 3) odor control. The sludge flow was assumed 
to have an initial BOD of 250 mg/£. The thermal treatment unit operates 
8000 hr/yr and achieves 5% oxidation. 

The recycled liquor was assumed to have a BOD of 6500 mg/£ and a sus
pended solids concentration of 5000 mg/£, 75% of which is volatile. Costs 
are based on the assumption that the treatment plant was fully loaded prior 
to the addition of the recycled liquor. Thus equipment and structures must 
be increased to accept the liquor remains while maintaining the same solids 
concentration and cell residence time. The BOD loading to secondary treat
ment is assumed to increase by 20% . 

Recycled liquor capital costs include expenses created by increasing 

the size of an activated sludge system using diffused-air for aeration. An 

allowance of 10% is also included to cover additional site work, yard piping, 
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utilities, and support facility costs. No increase in cost was assumed for 

clarification, piping and pumping. The recycled liquor labor requirements 

show the additional manhours required for operating and controlling the 

secondary treatment and thickening processes, maintaining aeration equipment, 
and maintaining settling and pumping systems. The incremental material and 

supplies costs cover additional needs of materials such as paint, lubricants, 
bearings, air filters, lab supplies, replacement parts and other items nor
mally required in a secondary treatment plant. 

Chemical scrubbing for odor control represents costs necessary to treat 
concentrated, high-hydrocarbon gas streams coming from gas separators or 

covered decanting tanks. These costs do not include ventilating, heating, 

and air conditioning of the thermal treatment building. 

Vacuum Filtration 

Vacuum filtration costs are based on data found in Reference 8. 

Table 8-4 indicates the design filter rate, percent solids in the filter 

cake and vacuum filter surface area assumed for each sludge type. A 20% 

excess capacity allowance was used when sizing the vacuum filter. The unit 
was assumed to operate 16 hr/day. When vacuum filtration was preceded by 

radiation, thermoradiation or pasteurization, the percent solids in the 
filter cake was assumed to increase by 5 percentage points. 

Capital costs include housing structures, auxiliary equipment, piping, 
and other normal costs associated with vacuum filters. 

Labor requirements include filter start-up time, operation, and 

maintenance of the filters, cleanup after the filter run, operation of the 
sludge pumping and conditioning facilities prior to treatment, and conveyor 

operation. 

Material and supplies costs includes chemicals for sludge conditioning 

prior to filtration, power, filter media, repair parts and miscellaneous 

supplies. 
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TABLE B-4. Design Criteria for Vacuum Filter 

Design Filter 
(ft2) Rate Percent Solids Filter Surface Area 

Sludge Type (psf/hr) in Filter Cake 5 mgd 50 mgd 100 mgd 200 mgd 

Mixed Primary 4.5 20 167 1667 33333 6667 
and Activated 
Thermal 
Conditioned 5.0 40 150 1500 3000 6000 
Lime 
Stabilized 4.5 30 200 2001 4002 8003 
Mesophill ic 
Anaerobic 
Digested 4.0 15 122 1219 2438 4875 
Thermophillic 
Anaerobic 
Digested 4.5 25 108 1083 2167 4333 

Filter Pressing 

Filter press costs are based on data from Reference 8. Capital costs 
recognize the fact that the largest single unit currently available has a 
capacity of 278 ft3. Therefore, multiple units were employed for handling 

larger sludge volumes. Housing costs are included at 4500 ft2/filter press. 
Installation labor was estimated to be 30% of the equipment cost. 

Labor and power requirements are based on a continuous 7 day/week, 2 hr 
cycle. The filter press volumes include a 20% allowance for downtime. The 
open and close mechanism and tray moving mechanism operates 2-1/2 hr/day. 
The feed pump is the major power consumer. 

Material and supply costs include chemicals, sidestream treatment, and 
maintenance materials. Chemical costs are based upon the use of 5% FeC1 3 
and 10% lime. All costs are indicative of achieving 40% solids in the filter 
cake and a density of 83 lb/ft3 . 

Flash Drying 

Costs for flash drying are based on data from Reference 8. Capital 
costs include housing and equipment. Operation and maintenance costs include 
electricity, fuel (8 million Btu/ton), and miscellaneous maintenance expenses. 
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Incineration 

Incineration costs are based on data from References 8 and 12. The 

sludge was assumed to be incinerated in a multiple hearth furnace. 

No heat recovery techniques were implemented. Capital costs include the 
multiple hearth furnace, enclosing structure, gas scrubber and exhaust, ash 

handling, fuel systems, instrumentation, piping, and electrical facilities. 

A single incinerator was deemed sufficient for a small capacity installation. 

Larger installations would divide the capacity between two or more units. 

Labor requirements include removal of ash from the incinerator building, 
man-hours required for proper care and repair of the incinerator and accessory 

equipment, and periodic repair or replacement of refractory material within 
the incinerator. 

Power and fuel requirements were taken from manufacturer quotations. 

They include allowances for the furnace and after burner. The incineration 

characteristics assumed for calculating the fuel and power requirements are 

listed in Table B-5. 

TABLE B-5. Characteristics for Calculating Fuel Consumption 
in a Multiple Hearth Incinerator 

80% Moisture 65% Moisture 
Percent Volatile Solids in Sludge 55 55 
Sludge Heat Value (Btu/lb) 10,000 11,500 
Furnace Off Gas Temperature (OF) 800 1,000 
Afterburner Temperature (OF) 1,400 1,400 
Scrubber Outlet Temperature (OF) 120 120 

Material and supply costs include repair materials, replacement of 

refractory, miscellaneous supplies, and contractual cost of ash removal from 

the plant site. 

Composting 

Static pile composting costs are based on work done by the Agricultural 

Research Service (ARS) at Beltsville, Maryland. The ARS supplied detailed 
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annual costs for a 10-dry-ton-per-day sludge composting facility and some 
estimates for a 50-dry-ton-per-day plant in Reference 13. By analyzing this 
data, reasonable estimates could be made for a 25 and 100 ton/day facility. 

Capital costs for sludge composting include site development, equipment 
and land. A land price of $lO,OOO/acre was assumed. Part of the site 
development costs consisted of an 8-in. sewer line to handle runoff from 
the facility. However, the cost of treating the runoff is not included. 

Operation and maintenance costs assume that the plant operates 8 hr/day, 
7 days/week. Over 50% of the operating costs are spent on labor, making 
composting a labor intensive operation. The cost analysis assumes that a 
payroll of five people (1 superintendent and 4 equipment operators) is 
sufficient for the 10-dry-ton-per-day facility. It was also assumed that 
each person would take 5 weeks off for paid sick leave, vacations, and 
holidays, and that 0.3 man-years of over~ime would be necessary. The 
superintendent receives $7.50/hr and the operators receive $6/hr. Labor 
costs include $400/man for health insurance and 6% for the employer's Fede
ral Insurance Contribution Act share. 

Power requirements are based on experience from the Beltsville plant. 
One dry ton was assumed to require 17.3 kWh of electricity. 

The materials and supplies cost includes woodchips for a bulking agent, 
plastic pipe, equipment maintenance, pad and road maintenance, water, sewer, 
gasoline, diesel, and miscellaneous supplies. The following input quantities 
were assumed in this cost estimate. 

Woodchips 
Plastic Pipe 
Gasoline 
Diesel 
Initial Solids Content of Sludge 
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12.3 ft/dry ton 
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Sludge Lagoons 

Sludge lagoon costs are taken from Reference 14. Capital costs for 
sludge lagoons include normal excavation, dike construction and sludge distri
bution piping. Labor requirements are based on, but do not include, sludge 

removal by contract. They include maintenance of the area and roads around 
the lagoons, earthwork enclosing the lagoon cells, and maintaining pumps and 
lines used to discharge supernatant. The principal material and supplies 
expenditures involve the cost of sludge removal by contract, power, surfac
ing used on roads in the lagoon area, and chemicals for odor and weed 

control. 

Irradiating Wet Sludge 

Costs for radiation treatment of liquid sludge are based on a preliminary 
engineering design of a 20,000 gal/day (gpd) pilot plant. The design was done 
by Molzen-Corbin and Associates of Albuquerque, New Mexico for the city of 
Albuquerque. The design was modified to allow costing of radiation facilities 
handling 100,000, 300,000, 500,000, and 750,000 gpd. The validity of costs 
for these flows is directly related to the soundness of the original design 
conditions which were assumed to be accurate. 

Figure 8-1 shows a schematic of the radiation treatment system for wet 
sludge. The major component of the system is the radiation facility and 
source-handling pool. This consists of an insulated concrete or masonry 
building with a 25 ft ceiling height. The building is sized to cover the 
pool and house the pumping, deionization and control equipment. Irradiating 
capsules are located in the pool. The capsules are 10 ft long and 3 ft in 
diameter. They contain 4 in. diameter stainless steel pipe and an array of 
Cesium-137 pins. Figure 8-2 shows a plan view of an irradiating capsule. 
The 4 in. pipe is connected into a single line which circulates the sludge 

through the pin array. When all pins are in place each irradiating capsule 
has a radioactivity of 4,320,000 curies. 
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FIGURE B-2. Plan View of an Irradiating Capsule 

The capital costs for wet sludge irradiation include the building, 
shielding, equalization tank, emergency dump tank, irradiating capsule, 

source-handling pool, deionizer, data acquisition and control system, oxygen 

injection facility, pumps, piping, radiation alarm, and fire suppression 

system. 

Labor requirements include 1.26 hr/day for routine maintenance and 

cleanup, 2 hr/day for lab work, and 3 days/month for examinations by a 

health physicist. Additional time is alloted for equalization and pump 

maintenance based on data from Reference 15. 

Power requirements are based on the energy used for lighting, ventila

tion, equalization, pumping, and monitoring the radiation process. Maintenance 

material and supply costs take into account recharge of the deionization beds, 
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purchase of oxygen, and materials necessary for pump and equalization main
tenance. An allowance is taken to include the rental of a crane once every 
5 years. The crane will be used to place a cask into the source-handling 
pool when additional Cesium-137 must be added. 

The source costs were developed by Sandia Laboratories. These costs 
have been computed in a fairly complex manner. The useful life of Cesium-137 
is assumed to be 60 years, so that with a half-life of 30 years, 25% of the 
source is eventually recycled into the source preparation and disposal sys
tem. The cost of the recycled portion of the source is borne by the three 
source users (20-yr plant life) in proportion to the amount of source mate
rial that each user depletes. The initial charge is amorized as capital 
equipment and the recharges every 5 years are regarded as expense. Trans
portation, loading, and unloading costs are included, and at the end of the 
plant life, a salvage rate of $O.lO/Ci is assumed unless the y-source is 
over 60 years old. 

Irradiating Dry Sludge 

Dry irradiation costs are based on experience from a pilot plant currently 
under construction at Sandia Laboratories in Albuquerque, New Mexico. Sandia 
has provided preliminary design specifications and costs covering the bulk 
of the dry sludge irradiation cost data developed for this report. 

The radiation treatment facility design centers around a bucket con
veyor which carries the dry sludge. Figure B-3 shows a side view of Sandia's 
pilot plant operation. For plants handling 25 tons/day or more, the design 
was altered to that shown in Figure B-4. The costs allow for construction 
of a pre-engineered steel building at the loading/unloading location. The 
bucket conveyor empties the irradiated sludge onto a belt conveyor which 
transports the material to a storage bin within the building. The bin is 
sized to allow a 2-day storage volume. A backhoe is used to empty a full 
bin. It was assumed that treatment plants would have a backbone available . 
No allowance was made for purchase or maintenance of the backhoe. Also 
located inside the building is a small control room where an operator can 
monitor the entire radiation treatment process. 
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The bucket conveyor loading mechanism includes a storage hopper (holding 
an 8-hr volume of sludge) and a loading hopper. A screw conveyor connects 
the two units. The loading hopper automatically empties a measured volume 
of sludge into the buckets. 

The dry sludge irradiation plant design also includes a source-handling 
pool. The source plaques are slid on a track into the pool. The pool is 
filled with 25 ft of water and the cover is removed. After the source is 
placed into the plaque, the pool is drained and the plaque slid mechanically 
back into place. A lead shutter covers the opening between the pool and 
plaque. 

When the pool is drained, the water is first pumped into a small tank 
and tested for contamination. If clean, it is pumped onto the ground or 

into a drainage area. If contaminated, a unit is brought from offsite to 
process the water before the pool is pumped dry. 

Capital costs for the dry sludge irradiation plant include basic site 
preparation, concrete work, grouting, stainless steel tank materials, steel 
reflector plates, access ladders, pumps, ventilator, filters, hoists, lead 
shield door, source plaque and drives, fire suppression system, radiation 
alarm system, conveyor assembly, storage hopper, loading hopper, steel 
building covering the loading and dumping locations along the conveyor, 
pool water testing tank, and miscellaneo~s mechanical and electrical work. 

Labor requirements account for loading the storage hopper once per 8 hr 
shift for every 25 tons of dry solids processes. An allowance of 10 hr/yr 
is assumed for filter maintenance, 8 hr/yr for swab tests, 30 min/badge/ 
quarter for dosimeter processing, 1 hr/month for a routine site survey, 
8 hr/yr for a radiation sensor check and 1.26 hr/day for general maintenance 
and cleanup. 

Power requirements are based on the ratings for the belt drive motor, 
air blower and radiation alarms. Other building power requirements such as 
lighting, heating and ventilation were also included. 
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Maintenance materials and supplies costs include the purchase of replace
ment filters, molydisulfide (2 lb/month/25 tons of dry solids processed) and 
other miscellaneous materials. 

Source costs are based on the same assumptions as outlined in the pre
vious section. 

Thermoradiation 

Thermoradiation costs are based on the same parameters as wet sludge 
irradiation except an allowance is taken in all cases for a boiler and steam 
injection system capable of maintaining the sludge temperature at 55°C. This 
allows for application of a smaller radiation dose and a general reduction 
in the capital outlay. A schematic of the thermoradiation facility is shown 
in Figure B-5. 

Boiler labor requirements were included in accordance to data contained 
in Reference 16. The increase in power demand was accounted for by applying 
manufacturer supplied data. Fuel requirements were also computed based on 
manufacturer data. The maintenance material and supplied cost for a boiler 
was assumed to be 3% of the capital cost. 

Pas teuri za ti on 

The sludge pasteurization costs presented in this report were developed 
by Culp/Wesner/Culp, for Battelle, Pacific Northwest Laboratories. A 
schematic of the pasteurization system is presented in Figure B-6. The 
following assumptions apply to the development of the costs for this 
system. 
1. Specific heat of sludge = 1.0 Btu/lb/oF 
2. Feed sludge temperature 

Raw - l7°C 
Digested - 27°e 

3. Sludge pumping done with positive displacement pumps 
4. Boiler assumed to supply medium pressure (100 to 125 psi) steam with 

a heat output of 970 Btu/lb. Boiler efficiency is 80% . 
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5. Four days storage capacity provided for pasteurized sludge. 

6. Ten percent heat loss in system. All piping and the reactor are 
insulated to minimize heat loss. 

7. No heat recovery. 

The operating schedule assumed for sizing the pasteurization system is 
shown in Table B-6. 

TABLE B-6. Pasteurization Plant Operating Schedule 

Plant 
Capacity Raw Sludge Digested Sludge 

Lmgdl hr/da,t da,tLwk ~ hrLda,t da,tLwk ~ 
5 6 4 100 4 5 100 

10 8 5 140 8 5 100 
25 16 5 175 16 5 115 
50 24 5 235 24 5 155 
75 24 7 250 24 7 165 

100 24 7 335 24 7 220 

Capital costs include materials, installation labor, equipment, elec
trical work, normal excavation, and contractor overhead and profit. Labor 
requirements include one full-time operator for the hours the system is in 
operation. One-quarter time of system operation is assumed for maintenance. 

Power requirements are based on the pump sizes. Fuel requirements were 
calculated from boiler design data. Maintenance material and supplies costs 
are based on the cost of materials for pumping and on 5% of the equipment 
costs for the boiler, heat exchanger and reactor. 

Transporting Sludge b,t Truck 

The costs for transporting sludge are based on References 3 and 8. 
The costs include fuel, truck maintenance, truck amortization (6 years at 7%), 
loading and unloading facility amortization (20 years at 7%), labor, main

tenance supplies, electrical energy, overhead and supervision. It was assumed 

that the treatment plant personnel drove the trucks. 
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A 5500 gal tanker truck was used for transporting liquid sludge and a 
30 yd3 dump truck for dewatered sludge. The trucks were assumed to operate 
8 hr/day, 360 days a year. They were assumed to travel at 25 mph for the 
first 20 miles and at 35 mph thereafter. A 10% allowance over truck operat
ing time was included when calculating driver time. 

The loading facilities include a dispatch office, loading equipment, 
and enclosure for trucks being loaded. Liquid sludge is loaded through a 
flexible hose and dewatered sludge by means of a hopper. The maximum load
ing time is 20 min. The unloading facilities include an office, enclosure 
for trucks being unloaded and a truck ramp. All unloading was by gravity. 

For the treatment options dealing with wet and moist sludge, it was 
assumed necessary to transport the sludge 20 miles to a reuse or disposal 
area. If the sludge was sufficiently stabilized, it was incorporated in a 
land spreading operation. However, wet sludge receiving disinfection treat
ment only was assumed too objectionable to land spread, therefore it was 
injected into the soil. Land spreading and soil injection costs were taken 

from Reference 8. 

No transport cost was assumed for dry sludge. Since there are existing 
or potential markets for all the end products produced by the dry sludge 
treatment options, it was assumed that the treated sludge value would be 
sufficient to offset any transportation costs. The removal of incinerator 
ash was accounted for in the calculation of material and supply costs . 
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TABLE B-7. Cesium-137 Costs for Irradiating Liquid Sludge 
(Source: Sandia Laboratories, Albuquerque, 
New Mexico) 

Cost at 0% Interest 
Treatment Capacity (~L1000 gal Sludge) 

(gQd} Radiation Thennoradiation 

20,000 2.10 0.80 
100,000 2.00 0.60 
300,000 2.00 0.60 
500,000 2.00 0.60 
750,000 2.00 0.60 
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TABLE B-8. Cesium-137 Costs for Irradiating Dry Sludge 
(Source: Sandia Laboratories, Albuquerque, 
New Mexico) 

Treatment Capacity 
(tons/day) 

10 

25 

50 

100 

Cost at 0% Interest 
$/Ton of Sludge 

1. 55 

1. 30 

1. 22 

1.22 
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STRATEGY FOR CALCULATING COST OF TRANSPORTING SLUDGE BY TRUCK 
(Based on Reference 8) 

(
Annual Sludge Volume ) ( ) ) 

1. Truck Capacity from Table B-9 x Distance of one way haul x (2 

= Miles Traveled Annually 

2. (Miles traveled annually) x (MPG from Table B-9) x (fuel cost $/gal) 

3. 

4. 

= Annual Fuel Cost 

[ (
speed - herein assumed to be ) 

(Miles traveled annually) x 25 mph first 20 miles, 35 mph + 
thereafter 

(Load time, usually 30 minutes) + (unload time, usually 15 minuteS)] x 
(allowance for driver time in excess of truck operating time, usually 
10%) x (operators salary, includes benefits $/MH) = Annual operator cost 

(Miles traveled annually) x (Operation cost) x (current WPI Item 1412*) 
from Table B-9 170.3 

= Annual maintenance cost 

5. (Annual Fuel Cost + Annual Operator Cost + Annual Maintenance Cost) 

x (OVerhead and superViSiOn) = Tr ck O&M Cost 
Factor, Usually 1.25 u 

6. [
No. of trucks required (CaPital cost per truck) Residual value, USUallY] 
from Fi gure 8-73 from Table 8-9 - 15% of new 

x (current WPI Item 141102*) x (Amortization factor) + (Residual Value) 
150.2 usually 0.20980 

x (Interest Rate usually .07) = Truck Amortization 

* U.S. Department of Labor Wholesale Price Indexes (WPI) are published monthly 
in IIWholesale Prices and Price Indexes,1I or may be requested by phoning 
1-800-227-0803. 
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(
Facilities Capital cost) (current ENR construction*) 

7 . from F i gu re s 8-74 or x _Co_s_t_I_nd_e_x-;:;-;=.".,... ____ _ 
8-75 2515 

(
Amortization factor) = F ciliti s Amorti tio x usually 0.09439 a e za n 

(
Electrical Energy ) 

8. kWh/yr from Figures x (Current Rate $/kWh) = Power Cost 
8-76 and 8-77 

9 (Mainte~ance Man-hours) (~urrent Rat~ $/MH) = Labo Cost 
. from Flgure 8-78 x lncludes Frlnges r 

10. (
Maintenance SUPPlies) x (current WPI Item 114**) _ Maintenance Supplies 
from Figure 8-79 174.8 - Cost 

11. [(Power Cost) + (Labor Cost) + (Maintenance Supplies Cost)] 

x (Overhead and Supervision Factor, usually 1.25) = Facilities O&M Cost 

12. (Truck O&M Cost) + (Truck Amortization) + (Facilities Amortization) + 

(Facilities O&M Cost) = Total Annual Cost 

13. a) If Dewatered Sludge: 

2000 lb 
(Total Annual Cost) ton 

(Annual Yd 3)/.27 ft
3
)(55 lb~(% solids~= $/ton dry solids 

\ yd3 ft3 J 100 J 
b) If Liquid Sludge: 

2000 lb 
---'-( T_o_t_a_l _A_n_n_u_a l--,C_o_s--;t!-) _...:..t.:.-o n-:----:--__ ~ = $ / to n dry sol ids 

(Annual gallons) (8·~;11b)(% s~b6dS) 

* Published weekly in Engineering News Record, McGraw-Hill, Inc., Highstown, 
NJ, 08520. 

** U.S. Department of Labor Wholesale Price Indexes (WPI) are published monthly 
in IIWholesale Prices and Price Indexes,1I or may be requested by phoning 
1-800-227-0803 . 
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TABLE B-9. Truck Data (from Reference 16) 

Fuel Operation 
Type Capital Use, Cost,(*) U) 

Sludge CaEacit~ T~Ee Truck Cost z ~ (+} MPG ~Lmile 

Liquid 1200 gal 2 axle tanker 25,000 4.5 0.20 
Liquid 2500 gal 3 axle tanker 42,000 4.5 0.25 
Liquid 5500 gal Semi, tanker 55,000 3.5 0.30 
Dewatered 10 yd3 2 axle dump 25,000 4.5 0.20 
Dewatered 15 yd3 3 axle dump 42,000 4.5 0.25 
Dewatered 30 yd3 Semi, dump 50,000 3.5 0.30 

(*) Excluding operator and fuel. 
(+) Based on Wholesale Price Index for Item 151102, motor trucks 

of 150.2 
(;) Based on Wholesale Price Index for Item 1412, motor vehicle 

parts, of 170.3. 

WPI Item 
WPI Item 
WPI Item 

TABLE B-10. Indexes Used to Update Truck Transport 
Cost Data to May 1977 

Index Ma.l 1977 
1412 - Motor Vehicle Parts 193.3 
141102 - Motor Trucks 173.6 
114 - General Purpose Machinery 

and Equipment 200.2 
ENR Construction Cost Index 2515 
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TABLE B-ll. Estimated On-Site Costs for Land Disposal 
of Sludge (Source: Reference 8) 

Method 
Land spreading by truck or tractor of 
dewatered sludge cakes 
10 dry tons/day 
100 dry tons/day 

Soil injection of liquid sludge 

8-100 

$/Ton Dry Solids 

2.50 
1. 70 
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