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INTRODUCTION

Human waste processing for closed ecological life supl'x)rt

systems (CELK'_) in space requires that there be an accurate

knowledge of the quantity of wastes produced. Because initial

CELSS will be handling relatively few individuals, it is important

to know the variation that exists in the pr(xluction of wastes

rather than relying upon mean values that could result in

tmdersizing equipment for a specific crew. On the other hand,

because of the costs of orbiting equipment, it is important to

design the equipment with a minimum of exces,s capacity because

of the weight that extra capacity represents. We were fortunate

to have available to us a considerable quantity of information that

had been independently gathered on waste production; we
examined that information in order to obtain estimates of

equipment sizing requirements for handling waste loads from

crews of 2 to 20 individuals.

METHODS

Overall, some 25,000 person days of data were available. These
data were obtained from 15 metabolic studies conducted at the

USDA Human Nutrition Research Center in Grand Forks, North

Dakota. The 15 diets for these studies were designed to

approximate diets consumed by typical Americans, and were fed

in 3-day cTcles. Intake was adjusted to maintain weight to within

2% of admission weight. To minimize the variability of compo-

sition, fresh fruit or vegetables were not used. Volunteers

consumed only what was given to them by the metabolic kitchen.

Volunteers were chaperoned at all times to assure nothing was

eaten outside the laboratory and that collection of .samples was

complete.

All collection periods were from 0800 to 0800 (24 hours).

Urine was collected in its entirety in large plastic containers that

had an acid preservative, ff a specimen was inadvertently missed,
an estimate of the amount lost was made. Urine volumes were

measured to within ±10ml. Stool samples were collected in

individual collection bags. Toilet tissue was not collected.

Collection bags were preweighed within 0.05 g. Sample weights

were obtained immediately after collection. Bag weights were

subtracted from total weights to give wet weight. Individual

.samples were lypholized using standard freeze drying techniques.

A dry weight minus bag weight was then obtained.

Menstrual .samples were collected in 24-hour collection bags.

Pads, tampons, or pantyliners were used. The weight of 20 of each

lot number of products was used to calculate an average weight

of the product. A complete as possible collection was obtained

by cleaning genital areas with wet gauze; the gauze was added

to the collection bag. A record of weights of water and gauze

was kept. The number of products used for each 24-hour

collection period was recorded. Wet and dry weights were

collected and appropriate calculations for amount of menstrual

fluids lost were performed.

RESULTS

A total of 25,171 person days of data were available. Sample

collection problems, spilled samples, etc. produced smaller

sample sizes for each analysis. Dry weight of stool samples was

not measured during all experiments, hence this sample size is

considerably smaller.

Stool

Stool sample data were available in both wet weight and dry

weight. The number of bowel movements combined into a day's

sample was also recorded.

Analysis of 24,888 24-hour stool samples gave a mean wet

weight of 95.5 g per day (s.d. 95.7 g). A large part of the variation
for the standard deviation resulted from no bowel movements

30% of the days (7581), and thus zero weight. The dotted line

in Fig. la shows the distribution of these 24-hour samples. The
,solid line shows the distribution of individual mean values fl)r 171

individuals. Much of the variation is caused by individual

differences. Figure lb shows the distribution of samples as a

multiple of the individual's mean, thus presenting a measure of

variation within individuals. The highest value was 25.6 for the

size of one day's sample when divided by that individual's mean;

this is equivalent to more than three weeks. This individual usually

had one day a month with a 24-hour stool .sample that exceeded
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14 times the individual's mean. Values over four times the

individual's mean were common among individuals.

Mean daily stool weight correlated (p < 0.001) with caloric

intake, which is a measure of the quantity of food. However, the

R2 value is only 0.28, indicating that 72% of the variation in

individual means is not explained by the quantity of food eaten.

Additional fiber in the diet is known to increase daily stool weight

(_cker et al., 1981 ). The subjects in this study were on a

relatively low-fiber diet, not unlike that eaten while in space.

The size of the stool sample produced on a given day is

influenced by the size of the sample of the previous day, par-

ticularly by zero sample days. We made computer simulation runs

of 100 days for crews of 2 to 20 individuals. One hundred days

of data were available for 128 individuals in our sample. "Crews"

were selected in sequence from this group, with each individual

being used only once for a crew of each size from 2 to 20.

Consequently we had 64 crews of 2 but only 6 crews of 20

individuals in our simulation runs. In a given run, the first day's

waste quantity of all crew members was summed and the waste

processor capacity subtracted from the total. If unprocessed waste

remained, it was carried forward as "surge capacity," otherwise

the next day started at zero. This was done sequentially for the

100 days. A variety of waste processor sizes was assumed, starting

from just slightly larger than the mean (corrected for crew size)

to 10 times the mean. The number of days not generating surge

capacity was counted. In addition, the distribution of the surge

capacity values was obtained. The processing capacity required in

order to never need surge capacity and the capacity needed to

use surge capacity on only 1% of the days is shown for the various

crews in Fig. l c. The mean is included in the figure for com-

parison purposes.

Dry Stool Weight

Dry stool weight was measured in 14,963 24-hour samples. The

mean weight was 20.5 g per day (s.d. 19.5 g). The minimum was

zero and maximum was 201.8 g. There were 4575 days with no

movements; hence only 10,288 samples were actually dried.

Figure 2a represents the distribution of 24-hour values (dashed

line) and individual means (solid line). Figure 2b shows 24-hour

values as a multiple of the individual's mean. The mean fraction

of the sample remaining after drying is 0.25. Substantial variation,

0.15 to 0.40, existed between individuals. However, the mean

value of individual means was s'unilar at 0.26.

Results of simulation runs for crews of 2 to 20 persons are

shown in Fig. 2c. The number of runs is based upon 100 days'

data for 74 individuals; higher crew sizes are represented by only

3 runs.

Frequency of Bowel Movements

individuals had bowel movements on 70% of the days. The

mean number of bowel movements per day was 0.855. individuals

had a range of average number of movements between 0.21 and

2.54 movements per day. On 99% of the days individuals had 3

or fewer movements.

Urine

Analysis of 24,919 24-hour combined urine samples shows a

mean value of 2066 ml (s.d. 1234). This value is 38% larger than

the 1500rid used in some other studies (Schubert et al., 1985;

Sla_qn et al., 1986; Nitta et al., 1985). Figure 3a shows the
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Fig. 1. 24-hour stool sample. (a)Dashed line is 24.hour samples, solid

line is means of individual_ (b) Distribution of samples represented as a

multiple of that individual's mean. The 43% of samples that exceed the

mean are shown. (e) Required per-person stool processing capacity vs.

crew size. The mean is included for comparison.
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Fig. 2. 24-hour dry stool samples. (a)Dashed line is 24-hour samples,

solid line is means of individuals. (b) Distribution of samples represented

as a multiple of that individual's mean. The 45% of samples that exceed

the mean are shown. (c) Required per-person dry stool processing

capacity vs. crew size. The mean is included for comparison.

Fig. 3. 24-hour urine samples. (a) Dashed line is 24-hour samples, solid

line is means of individuals. (b) Distribution of samples represented as a

multiple of that individual's mean. The 39% of samples that exceed the

mean are shown. (c) Required per-person urine processing capacity vs.

crew size. The mean is included for comparison.
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distribution of 24-hour urine samples (dashed line) and the

distribution of the 171 individuals' means (solid line). As

expected, the distribution of individuals' means is somewhat

narrower than that for the daily values. Figure 3b shows the

distribution of daily samples as a fraction of the individuals' mean

values. Simulation runs for crews of 2 to 20 individuals are

presented in Fig. 3c.

Variation in urine output is primarily dependent on fluid intake

(78% of the variation in urine volume is explained by variation

in fluid consumed in a sample of 11,748 days). The regression

(with standard errors) for 24-hour urine ,samples against fluid
consumed is

ml urine -----683 (SE 14) + 0.800

(SE 0.004) X ml fluid consumed.

Though many of the subjects in our sample were of college age,

no beer drinking occurred during the studies, thus avoiding one

factor that is known to produce high urine volumes. However,

some subjects were normally drinking large quantities of water,

and thus producing large quantities of urine. The extreme

individual averaged 10,435 ml of drinking water per day over the

2-month study period. It is possible to bring the means of

individuals with high values down by limiting their fluid intake.

However, we assume that this limitation on people's normal habits

is not appropriate.

There is a shift in distribution of body fluids when an individual

goes into zero gravity, resulting in the body dumping fluids for

the first few days in space (Leach andRambaut, 1977).

No direct measurements were made on these samples for the

dry weight of the urine. Urine was analyzed for specific items of

interest in each department.

Menstrual Flow

Menstrual flow is quite variable between individuals. A typical

value is about 10 g of solids per menstrual period (estimated from

an average of 28 ml blood loss per period) (Hallberg andNilsson,

1964, p. 356); that amount would have little impact on waste

handling equipment design. However, the menstrual pads and

tampons used during a period do add significantly to the load on

the solid waste management.

We have data on 1 to 5 menstrual periods for 34 women for

a total of 105 menstrual periods. Umoren andKies (1982, p. 719)

present information on the number of pads and tampons used

during 30 periods. The mean value was 11.8 with a range of 4-

35 in 30 sampled periods. Our comparable results are 16.2 with

a range of 3-34. The combined 135 sampled periods shown in

Fig. 4 averaged 15.2 per period. Our 105 samples showed 28%

of the pad and tampons being used on the second day (peak flow)

of the period, or an average of 4.5, with the highest number, 10,

occurring once, 9 occurring 5 times, and 6 or more occurring
26% of the time.

A mean weight of six brands of tampons gave an average weight

of 2.60 g (range 2.24-2.91 g). Three brands of pads were weighed

and averaged 10.65g (range of 10.6-10.7g). The mean weight

of 9 products is 6.4 g for the first item, so there would be a solid

material load of 29g (6.4 x 4.5) fi'om pads and tampons on the

second day of a period. We assume that there are 5 g of solids

in menstrual flow on the second day of a period.

Fig. 4. Distribution of pad and tampon use per menstrual period.

Toilet Paper

Toilet paper adds to the solids load of the waste handling

equipment. We have no statistical sample of toilet paper use but

estimate about 6 g of toilet paper per movement or per urination

by a woman. At 0.855 movements/day, the toilet paper would add

5.1 g, and at 6 urinations/day, toilet paper usage would be

increased by 36 g/day/woman.

DISCUSSION

Since the distributions of human waste production are skewed

considerably (Figs. la, 2a, 3a), it would be unwise to design waste

handling equipment around mean values. The crew for a small

space facility could easily have a urine or stool output that is

siguifcantly above the mean value multiplied by that number of
individuals.

To monitor the mieronutrients over the length of the studies

from which our data came, it was necessary to provide food from

consistent sources. Consequently, fresh fruit and vegetables were

not included in the diet, and the diet is slightly lower than the

average American diet in fiber. Quantity of fiber is known to

increase the quantity of stool solids. Our values are likely to be

slightly lower in quantity of stool solids than the average American

diet, but probably similar to space diets before local food growth

is developed.

Total Waste Load

Table 1 summarizes our assessment of the waste load design

criterion for a crew of eight. Values are given for both 100%

coverage and 99% coverage of daily waste production based upon

our simulation runs. Separate values are given for the additional

sanitary supplies used by women.

The reliability of the values in Table 1 varies. Urine volume,

stool water, and stool dry weight are highly reliable, being based

on several thousand samples. Urine solids are based on a literature

mean value, and we are unable to incorporate statistical variati(m

into this category. Thus, the urine solids value is too small by an
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TABLE 1. Suggested daily w-a.ste load design level for a crew of eight.

Item 100% level 99% level Added for women Daily mean value Literature

Urine 4,100 ml/person 3,500 ml/person 2,066 nil/person 1,500 rnl/person

Stool H20 215 ml/person 159 ml/person 75 ml/person 90 ml/person

Total fluid 4,315 nil/person 3,659 ml/person 2,141 ml/person 1,590 ml/person

Crew of 8 total 34,520 ml/day 29,272 ml/day

Recommended 34.5 liters/day

Urine solids' 59 g/person 59 g/pe_m

Stool solids 50 g/person 41 g/person

Toilet paper 6 g/person 6 g/person

Menstrual pads (37) g/person:
Menstrual flow

Total solids 115 g/person 106 g/person
Total

(50% women) 154 g/person" ' 145 g/person""

Crew of 8, total 1,232 g/day 1,160 g/day

Recommended 1.25 kg/day

36 g/person*

29 g/person_

S g/person

70 g/person

59 g/person

20.5 g/person 32 g/person

91 g/person

" urine solids probably vary less than fluid volume. Lacking data we assumed no ,,-ariation.
*Assumed 6 urinations per day.
: Assumed 6 pads/tamtxms, the 75%ide level.
Average of 4.5 pads/tampons times 6.4 g each.

' ° The weight added for women is ( 36 + 37 + 5 ) × 0.5 = 39 g.

Literature values from Schubert et al. (1985), Slavtn et aft. (1986), and Nitta et al. ( 1985 ).

unknown factor. Toilet paper weight may be unreliable, being

based upon one brand and an estimate of usage amounts.

Menstrual pad and tampon usage is based on a modest sample,

135 periods, with distribution during the period based on 105

periods. Variation in weight between brands of pads and tamt'xms

(seven tested) is considerable as well, so the peak flow day weight

load is only modestly reliable. However, other studies (&-hubert

et al., 1985; Slavin et al., 1986) have ignored menstrual supplies

entirely, which is inappropriate. Reliability of toilet paper u_ge

by women after urination is low.

This work was done with the intent of obtaining parameters

for the design of waste handling facilities for a space facility. In

the near future all such systems will be designed for relatively

small crews, and statistical variation between individuals is always

an issue when dealing with small populations. If a system is

designed to handle three individuals, it is likely that a proportion

of the possible three-person crews would generate waste loads

that are higher than the average of a population, especially when

individuals randomly selected for the crew are from a population

that has a highly skewed distribution. As the number of individuals

to be handled by a system grows, the impact of extreme

individuals diminishes. However, as long as small crew sizes are

being considered, the design criterion should exceed the pop-

ulation mean by a substantial margin.

We attempted with our computer simulation runs to determine

if it was worthwhile building in surge capacity to deal with

variations. We concluded that surge capacity would not be helpful

because relatively large surge capacity would be required for small

decreases in capacity. Surge capacity utilization showed up

primarily with the extreme crew rather than with the extreme

days for many crews. Since we did not feel that it was appropriate,

or likely, to select crew members based upon the individual's

physiological and/or behavioral characteristics in these areas we

decided to recommend building adequate capacity to process

wastes produced by crews with the largest waste production

loads.

We did not simulate pad and tampon usage during menstrual

peri_xis. Though the average pad and tampon usage on the second

day of the menstrual period is 4.5 units, we based our design

criterion on 6 units; the 75-percentile level. It has been suggested

that menstrual periods of women in close proximity have a

tendency to become synchronous. Our design criterion allows for

this to happen in the very confined quarters of space habitats.

Since this is so obviously grouped in time, it might be reasonable

to design temporary storage for this waste; however, though peak

menstrual pad and tampon usage and flow occurs only one day

a month, we recommend that equipment should be designed to

handle this known load.

Emesis (w)mit) values are not included in the design estimate

because they are assumed to substitute for other items that would

be proportionally reduced.

For a crew of eight, we recommend designing for a fluid load

of 4315 ml/person/day (34.5 liters for the crew). The average

2141 ml/person/day is likely to be exceeded by a substantial

portion of crews.

Our recommended solids waste load design criterion is at least

154 g/person/day (1.25 kg for the crew of eight) for a mixed

crew of men and women. The value should be slightly higher than

this, but we lack data to show the statistical variation in urine

solids.

Table 1 includes values from some recent studies of closed life

support systems (Schubert et al., 1985, p. 30; Slav_n eta/., 1986,

p. 14; Nitta eta/., 1985, p. 205), and shows some important
differences between these studies and our own. Most importantly,
we have given considerable emphasis to the wide variation within
the human population, while the other studies did not. We do
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not believe crews should be selected on the basis of this

physiological characteristic. Our mean urine volume is one-third

higher than values used in the other studies. Restricting fluid

intake reduces urine output, but, again, we believe drinking water

should not be limited. Our inclusion of sanitary supplies (toilet

paper and pads and tampons) increases the solid waste load by

a third. This material was not included in the studies cited.

SUMMARY

We recommend that a design for waste handling systems of a

space facility be such that it will permit selection of the crew

without consideration of the individual's level of waste produc-

tion. We have examined the distribution of urine and stool wastes

from a sample of 25,000 days and find the data highly skewed.

Information is presented to permit estimates of design criteria for

crews of 2 to 20 individuals. We suggest design for a crew of

8 to be 34.5 liters per day (4315 ml/person/day) for urine and

stool water and a little more than 1.25 kg per day ( 154 g/person/

day) of human waste solids and sanitary supplies.
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