are listed in Table 1. The values of §W
were calculated with 6 = 0.5, which
appears to be the optimum for all
three processes. As is shown in Table 1
for the separation of uranium hexa-
fluorides, the proposed new technique
may give a value of 8W about 500
times higher than the gaseous diffusion
process and 100 times higher than the
curved-jet process. _

A complete analysis of the econom-
ics of the separations must include the
energy inputs and the capital and main-
tenance costs. In the velocity-slip pro-
cess some of the gas will be lost if the
beam is passed through a skimmer and
a collimator. In conventional nozzle
systems the fraction passed by the skim-
mer may be as low as 1 percent (5).
However, with the type of radial veloc-
ity selector we described above, it may
not be necessary to collimate the beam,
so nearly all the molecules in the jet
will enter the velocity selector. For the
gaseous diffusion process the separated
streams must be compressed to the
initial pressure of the feed to each stage.
In both the velocity-slip and curved-jet
processes the separated streams of UF;
plus light gas must be recompressed at
a much higher pressure ratio. However,
the much higher values of « — 1 and
SW per stage in the velocity-slip pro-
cess offset the advantage of a lower
pressure ratio and gas flow in the gas-

eous diffusion process, even if the total
molar flow is 100 times the UF; flow
and the pressure ratio required is 100
times greater than for the gaseous diffu-
sion process. Thus, the velocity-slip
process is estimated to require a lower
energy input per unit of separative work
obtained than either the gaseous diffu-
sion process or the curved-jet process.
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Energy Conservation Policies of the Federal Energy Office:

Economic Demand Analysis

Abstract. Forecasts for crude petroleum consumption are presented which
take into account attempts by the Federal Energy Office to regulate residential
and commercial thermostats. On the basis of an economic demand model, it is
found that lowering all thermostats by 6°F would lower the projected residential
and commercial petroleum demand in 1973 by 12 percent. This amount is com-
pared to forecasts made by the Federal Energy Office and to the effect of a price
increase of $0.10 per gallon for heating oil.

An important component of federal
energy conservation policy is the rec-
ommendation that residential and com-
mercial thermostat settings be lowered
by 6°F (1). This recommendation was
based primarily on engineering heat loss
studies and some tersely specified sta-
tistical analyses that tended to ignore
fundamental economic considerations
(I, 2). In this report we describe an
economic demand study that includes
ambient indoor temperature as an ex-
planatory variable. We then use this
model to evaluate the likely impact of
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the 6°F policy on the demand for
crude oil for space heating regionally
and nationally.

Space heating is estimated to ac-
count for 77 percent of the gas, oil,
and coal consumed in the residential
and commercial sector, and for 82 per-
cent of the oil alone consumed in that
sector (3). A cross-sectional econo-
metric model was formulated for the
demand for these fuels in 1971. The
following variables were used (4):

X, = total oil, natural gas, and coal
consumed in the residential and com-

mercial sector by state for the year
1971. Measured in 10'2 British ther-
mal units (Btu’s) (1 Btu = 1.06 X 103
joules).

X, = total population in each state
in the year 1971. Measured in thou-
sands of people.

X3 = (X;/X,) X 103 = total oil, nat-
ural gas, and coal consumed per capita
in the residential and commercial sector
by state in 1971. Measured in 10¢ Btu
per capita.

X, = mean personal income per
capita by state for 1971. Measured in
dollars per capita.

X, = weighted average residential
and commercial price of oil, natural
gas, and coal for each state in 1971.
The weights used are consumption
levels by fuel for each state in 1971.
Measured in dollars per 108 Btu.

X = average residential and com-
mercial price of electricity in each
state in 1971. Measured in dollars per
100 kwh.

X; = weighted average total heating
degree-days by state for 1971. The
weights used are 1970 population levels
for all Standard Metropolitan Statistical
Areas and selected other cities with re-
porting weather stations. Measured in
degree-days per year.

We examined several different func-
tional specifications for these variables,
including linear and double-log regres-
sions of total fuel demand (X,;) on
X, and X, through X, and linear and
double-log regressions of fuel demand
per capita (X3) on X, through X;.
While the various specifications as-
sured us of the robustness of the de-
gree-day coefficient, we report only our
preferred specification, based on ordi-
nary least squares

log X. = — 1.0771 4 0.2671 log X, —
(.5908) (.1649)

0.2800 log Xs + 0.5039 log Xs 4
79

(.0858) (.1079)
0.4955 log X»; R* = 0.847 (1)
(.0405)

with R2=the multiple coefficient of
determination, 43 degrees of freedom,
an F ratio of 59.696, and the estimated
standard errors of the coefficients re-
ported parenthetically. In this model
the coefficients of fuel price (Xj),
electricity price (X,), and degree-days
(X;) can be shown to be significant
in a symmetric 95 percent confidence
test. The coefficients in this double-log
regression may be interpreted as elas-
ticities of demand (5). The most im-
portant coefficients for our conserva-
tion policy evaluation are the heating
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degree-day elasticity measure of 0.496
and the fuel price elasticity of — 0.280.

The heating degree-day is a mea-
sure of the duration and intensity of
winter coldness. The number of heat-
ing degree-days per day is defined as
the difference between 65°F and the
mean daily outdoor temperature. Nor-
mal yearly heating degree-days is de-
fined as the 30-year average for 1931
to 1960. Conceptually, the number of
days per year for which heating degree-
days occur is different for each year
and for each weather station. Since we
are interested in average experience
both over time and across weather sta-
tions, we write the following expression
for normal heating degree-days for
weather station i

A
DD, = Z_‘,] (B—Ta) =AB —T.) (2)

where DD, is normal total heating de-
gree-days per year for weather station
i; B is the indoor reference base tem-
perature, a constant which is equal to
65°F in most U.S. weather applica-
tions; T,; is the normal mean outdoor
temperature on day a for weather sta-
tion i, provided T,; < B; A is the nor-
mal number of days per year for which
T,,<B; and T, is the normal mean
outdoor temperature for the period
a=1,..., A, T,<B. Hence, the basic
expression for determining the effect
of lowering thermostats is ADD,=
AAB, where AB is the change in the
reference base temperature due to a
change in the average indoor tempera-
ture setting. '

To estimate the parameter A,
monthly data were obtained for 267
weather stations for which the normal
mean daily temperature (October
through April) was less than 65°F
(6). From these data, the average
value of A for the continental United
States was determined to be 230 days,
and this value was surprisingly invari-
ant with respect to geographic loca-
tion (7).

The application of the degree-day
concept in engineering estimates of
space heating energy requirements as-
sumes continuous indoor heating to
68° to 72°F; indeed, this is the basis
for the 65°F reference base used in
calculating degree-days. Therefore, a
lowering of thermostats by 6°F may
be viewed as a shift in the reference
base for calculating degree-days from
65° to 59°F. The Federal Energy Of-
fice (FEO) thermostat policy may be
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Table 1. Impact of thermostat policy on oil demand at 1973 consumption levels. Normal
degree-days per year is a weighted average, with the 1971 state populations used as weights.
On demand values, see (8). One barrel of crude petroleum equals 5.623 X 10° Btu.

Demand (10 Btu)

Savings (Btu) Savings ' (oil)

Normal
degree- o
Census 10
. days 0.8 X % of Barrels
region per w1 1973 P, 197 B;‘;fls per
year est. est. year day
New England 6189 970.6 1051.8 841.4 94.44 8.98 16.80 46,027
Mid-Atlantic 5341 1845.4 1999.9 1599.9 208.30 10.42 37.04 101,479
North Central 6325 1721.6 1865.6 1492.4 162.53 8.71 28.90 79,178
South Atlantic 2972 823.6 892.6 714.1 165.48 18.54 29.43 80,630
South Central 2659 576.5 624.8 499.8 137.28 21.97 24,41 66,877
Mountain 5001 219.9 238.3 190.6 30.31 12.72 5.39 14,7617
Pacific 2787 342.1 370.7 296.6 63.4G 17.10 11.80 30,904
United States 6499.7 7043.7 5634.8 861.74 1223 153.25 419,862

evaluated in the estimated demand
model by perturbing the degree-day
variable; that is, ADD=230AB =
230(—6) =—1380.

We now proceed to forecast the im-
pact of the FEO policy by the follow-
ing steps.

1) Convert the effective change in
degree-days into a proportional change
by dividing by the normal yearly heat-
ing degree-days in the continental
United States (5053). That is, the
proportional effective reduction in de-
gree-days that would result from a 6°F
thermostat cutback is

1380
%ADD = 5053 = 0.273 =27.3%
2) This proportional reduction is

now multiplied by the degree-day
elasticity (0.496) to obtain the ex-
pected proportional influence on Btu’s
of heating oil demand per capita asso-
ciated with the FEO policy

% A(Btu per capita) =
0.273(0.496) = 0.135 = 13.5%
3) The proportional change in Btu’s
per capita when multiplied by 1973
estimated residential and commercial
consumption for the continental United
States (5634.8 X 1012 Btu) yields the
total absolute forecasted change in
heating oil demand in Btu’s (8).

A(Btu demand) =
0.135(5634.8 x 10'*) = 760.7 X 10* Btu
4) This change in Btu demand is
then converted to an equivalent change
in demand for barrels of crude oil by
dividing by the conversion factor
5.623 X 108 Btu per barrel of crude
oil. That is, the yearly reduction in
demand likely to be delivered from the
FEO’s thermostat policy is

760.7 x 10*
5.623 x 10° —

135.3 X 10° barrels per year

A(barrels per year) —

which is equivalent to 370,685 barrels
per day. ‘

This forecasting procedure was also
applied to each state; in particular,
normal yearly heating degree-days for
each state was used in step 1 of the
procedure. The resulting estimates were
then summed for seven groups of
states and are presented in Table 1.
We find that lowering all thermostats
by 6°F (100 percent compliance)
would result in a saving of 420,000
barrels of crude petroleum per day or
about 12 percent of projected resi-
dential and commercial petroleum de-
mand in 1973. This is considerably
different from the saving of 900,000
barrels per day predicted in one FEO
estimate (I, p. 3).

In a similar way we have evaluated
the effect of a $0.10 per gallon increase
in heating oil prices. On the basis of
our price elasticity estimate of — 0.3,
such a price increase would lead to
an additional reduction in heating oil
demand of 8 percent of 1973 demand.
The combined savings due to thermo-
stat and price policies would be 20 per-
cent of 1973 demand.

Most energy conservation estimates
have been based on engineering for-
mulas, experiments on test homes, and
so forth. This report has demonstrated
how conservation estimates may be de-
rived from an economic model in con-
junction with basic heating engineering
information. Our forecasts indicate
that a combination of reduced thermo-
stats and higher prices can account for
a significant saving in petroleum. To
the economist, energy growth in the
United States over the last 20 years
occurred not because of need but be-
cause real energy prices declined to
bargain levels. Between 1951 and 1971,
real electricity prices declined approx-
imately 43 percent while refined
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petroleum prices fell 17 percent. These
declines resulted in the substitution of
energy for labor, capital, and other
raw materials. With some allowance
for the persistence of habit and dura-
ble stocks of heating appliances, there
is no reason to believe that this pro-
cess is not reversible.

TERRY A. FERRAR

Jon P. NELsoON

Department of Economics,
Pennsylvania State University,
University Park 16802
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Agglomeration of Ash in Fluidized Beds Gasifying Coal:

The Godel Phenomenon

Abstract. In a bed of anthracite or bituminous coke fluidized by air at 10 to 15
meters per second at 1200° to 1400°C, molten ash forms beads on the surface of
a coke particle, some exuding from its interior. The beads merge and detach them-
selves to grow further as loose fluidized ash agglomerates of low carbon content.

A major problem in processes for
the gasification of coal is extracting
the inorganic ash matter from the re-
action zone without incurring undue
loss of carbon. Godel has provided a
unique and elegant solution to this prob-
lem in his Ignifluid boiler (I).

The Ignifluid gasifies coal with air
and burns the resulting fuel gas to
raise steam. Air is introduced at high
velocity through a traveling grate into
a bed of coarse particles of coke aris-
ing from the devolatilization of the
coal (Fig. 1). The air sets the bed into
a state of continuous and vigorous agi-
tation and creates what the chemical
engineer terms a fluidized bed.

Ease of solid handling, temperature
uniformity, and high rates of heat
transfer are among the unique proper-
ties that have brought the fluidized bed
into widespread use as a technique for
contacting solid with gas. Since the
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emergence of the fluidized bed, engi-
neers have sought to adapt it to the
gasification of coal. The Winkler gasi-
fiers that operated in Germany in the
1920’s represented the first commercial
application of fluidization, and after
the success of the fluidized bed pro-
cess for catalytic cracking of petro-
leum, fluidized gasification of coal was
the focus of several research efforts in

Nozzle for
secondary air T 1 Lance for rein—
\| m“mmlm jecting fines
Coal é o
S
/ N

Primary air
Ashes

Fig. 1. Schematic of the Ignifluid gasifica-
tion fluidized bed.

the 1940’s and 1950’s and, again, in
recent years (2).

Operation of these processes has gen-
erally been confined to temperatures
below 1000°C to avoid formation of
ash clinkers, and has revealed three
fundamental disadvantages:

1) Gasification below 1000°C by
air is limited to coals of high reactivity,
such as lignite.

2) The carbon content of a purge
to extract ash is appreciable because of
the complete mixing of solids and the
need to maintain a sufficient carbon in-
ventory in the gasification bed. In the
absence of subsequent utilization, this
purge represents serious carbon loss.

3) Production of ultrafine carbon
particles appears to be inherent in
fluidized bed gasification below 1000°C
(3). Loss of this carbon as entrained
dust can be serious.

Godel has obviated these disadvan-
tages by running the Ignifluid at high
fluidizing air velocities, 10 to 15 m/sec,
and at a temperature of 1200° to
1400°C. At these temperatures the ash
matter of all coals is sticky, and one
might expect that a catastrophically
massive clinker would form, but this
does not happen. Godel discovered that
small ash agglomerates form through-
out the bed and remain fluidized, in-
terspersed in particles of coke. The
agglomerates grow in size at a con-
trolled rate. The high-velocity fluid-
izing gas apparently produces an effect
much like the continuous action of a
poker. The ash agglomerates (Fig. 2)
typically constitute 10 to 20 percent of
the weight of the bed, and their carbon
contents average only 5 percent. Ulti-
mately, the ash agglomerates reach the
grate and are carted into the ash pit.

This is what we refer to as the
Godel phenomenon. In an effort to
determine the mechanism by which the
inorganic ash gathers into ash agglom-
erates, we inspected samples taken from
operating beds at commercial Ignifluid
installations in France and Morocco.

At about 1200° to 1400°C a portion
of the ash matter melts to a glassy
mass. Petrographic analysis shows that
the ash agglomerates also contain crys-
talline matter, including a major quan-
tity of quartz (SiO,) and smaller
amounts of mullite (AlgSi,0y3) and
hercynite (FeAl,0,), which crystal-
lized within the glass while the agglom-
erates were at high temperature. We
note that our samples, once withdrawn
from the gasification bed, cooled rela-
tively slowly over a period of several
hours.
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