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FORWARD

The UMR-MEC Conference on Energy was organized
in 1974 with the purpose of providing social
scientists, scientists and engineers a means-"
for rapid communication of their most recent
research results in the field of energy and
to offer solutions to the energy related pro-
blems of local government, business, industry
and the general public. The Conference is
sponsored by the University of Missouri-Rolla
and the Governor®s Energy Council within the
State of Missouri Department of Natural Re-
sources with the cooperation of the profes-
sional societies listed on the previous page.
Much of the conference support is provided
through the program of company registrations.
Last year®"s participants in this registration
program are listed on the previous page.

Papers presented at the conference are of two
categories: those that are presented by in-
vitation and those selected from papers sub-
mitted in response to an open call for papers.
Papers are selected by a committee of experts,
from the University of Missouri-Rolla and the
Missouri Department of Natural Resourses, in
the various Tfields of activity presented in
the conference. Suggestions for papers are
always welcome for careful consideration if
received by April 15 in the year of the
conference.

is open to all persons interested
in energy resources, their extraction, their
utilization and conversion, their conservation
and in policy related to energy processes.

The Conference provides a common meeting
ground for social scientists, scientists, and
engineers in universities, industry, business
or government to meet and exchange ideas be-
tween themselves and with the general public.
Academic sponsorship is intended to provide
the freest possible discussion ranging from
the most technical detail, through the econom-
ic questions and to the social and political
aspects of the subject of energy.

The meeting

The sponsors of the Conference and the Direc-
tor in particular, thank the companies and
individuals contributing to the success of
the Conference. The help of the Session
Chairmen, Co-Chairmen and the Organizing Com-
mittee is gratefully acknowledged. A special
note of recognition goes to the many authors
whose contributions appear in this tome.

With their efforts the success of the Confer-
ence was assured as well as the value of the
printed proceedings.

This volume is a collection of papers selec-
ted from the papers presented on the occasion
of the Second Annual UMR-MEC Conference on
Energy held at the University of Missouri-
Rolla on the dates of October 7-9, 1975. The
Conference is annually organized jointly by
the Governor®s Missouri Energy Council (MEC)
within the Missouri Department of Natural Re-
sources and the faculty of the University of
Missouri-Rolla (UMR). This annual Conference
provides a forum for the transfer of informa-
tion on all subjects dealing with energy re-
sources, their extraction, their conversion,
their conservation and policy related to en-
ergy between social scientists, scientists,
engineers and the interested public.

The President of the United States early in
1974 established the goal of energy indepen-
dence by 1980. Since that time there has beei
considerable difference of opinion regarding
the meaning of energy independence, and even
greater differences as to how the goal of in-
dependence should be achieved. To some, en-
ergy independence is a condition in which the
U.S. receives no energy through imports, and
produces all of its energy domestically. To
others, energy independence is a condition in
which the U.S. imports some energy to meet
it"s requirements but only to acceptable lev-
els of political and economic vulnerability.
The definition of independence, the criteria
the technical methods

for availability, and



d advancements for meeting the goal of ener-
independence are central to the choice of

U.S. energy strategy and the theme for this
ar"s Conference, "Energy Crisis - Two Years
ogress Towards Self-Reliance™.

tizens throughout our country, aware of the
tion"s critical dependence on its energy re-
urces, are concerned about our energy supply
d our need for positive action in the devel-
iilet of new alternatives to traditional en-
gy systems and patterns of energy utiliza-
on. At every level-from trying to lower en-
gy consumption to the development of sophis-
cated alternative resources, concerned re-
archers are doing what they can to help our
tion, and its future generations, achieve
.ergy self-reliance and stability. Papers
evering the work of many of the nations out-
ending researchers are contained in this
plume. Through the continued research ef-
irts of these and other outstanding social
ientists, scientists, engineers and public
rvants, | am confident that our nation will
let the challenges and achieve its goal of
lergy independence in the 1980°s.

J. Deraid Morgan
Conference Director
University of Missouri-Rolla

Dr. J. Deraid Morgan, Conference Director and
Mr. James L. Wilson, Director, Department of
Natural Resources, State of Missouri. Mr.
Wilson is presenting to Dr. Morgan the
Governor®s Proclamation.



Proclamation:

Office of the Governor
State of Missourt

WHEREAS, the purpose of the Annual UMR/MEC
Conference on Energy is to provide a forum of exchange
between social scientists, scientists, engineers, and the public
on energy developments in the areas of conservation,

conversion, resources, economics, and policy; and

WHEREAS, energy research and development is vital to

the nation; and

WHEREAS, the faculty of the University of
Missouri-Rolla have joined with the Missouri Energy Council
within the Missouri Department of Natural Resources to

organize this conference on energy; and

WHEREAS, those attending this year's conference are
citizens, social scientists, scientists, and engineers from all
segments of our society concerned with the energy question;

and

WHEREAS, this year's conference theme is "Energy

Crisis—Two Years' Progress Towards Self Reliance":

NOW, THEREFORE, |, CHRISTOPHER S. BOND,
GOVERNOR OF THE STATE OF MISSOURI, do hereby
recognize the conference participants for their contributions
and interest in providing solutions to questions of energy
resources, conservation, conversion, economics, and policy
for the benefit of mankind; and hereby recognize the
organization committee directed by Dr. J. Deraid Morgan for
their efforts in preparing this outstanding energy conference;
and do hereby offer a sincere welcome to the attendees of

the 1975 UMR/MEC Conference on Energy.

IN TESTIMONY WHEREOF, | have hereunto set my hand
and caused to be affixed the
Great Seal of the State of
Missouri, in the City of
Jefferson, this 6th day of
October, 1975.

ATTEST:
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Mr. James L. Wilson, Director, Department of Dr. Bill L. Atchley, Dean of College of
Natural Resources, State of Missouri present- Engineering, University of West Virginia,
ing his Keynote Address. presenting his Keynote Address.
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OPENING REMARKS

R.L.

by
Bisplinghoff

UMR-MEC CONFERENCE ON ENERGY

October 7,

You are all extended the very warmest welcome
to the University of Missouri-Rolla. This
four day conference on energy, the second of
its kind, is filled with papers and activi-
ties that should find some
most everyone

interest for al-
involved in energy activities.
All of us on this campus want you to have a
rewarding four days and to enjoy yourselves
as well. It goes without saying that we
stand ready to aid you in every way that is
possible. I want to commend the organizers,
particularly Dr. Derald Morgan, for his hard
and dedicated work in putting the conference
together.

Energy and non-renewable natural resources in

general will be the name of the game from now
on the the United States. Since the begin-
ning of the industrial revolution, industrial

and economic growth in the United States has
been coupled to growth in available energy.
The two are inextricably connected. The
state of Missouri and the nation will not
solve their economic problems until they
solve their energy problems. The most seri-
ous aspect of the energy problem now is cap-
ital formation. Capital investments now be-
ing made by business, state and local govern-
ments are not large enough to scratch the
surface. Some measure of energy independence
by 1985 will require at least a 600 billion
dollar capital investment. The United States
is clearly in a period of uncertainty and
confusion with respect to the solution of its

energy delemma. Few people recognize the

1975

gravity of the situation and fewer still are
doing anything useful about it. During the
ten minutes required to make these remarks we
will have shipped a half-million dollars out
of the country to pay for imported hydrocar-
bons. It is not necessary to be an economic
genius to recognize that we will soon bleed
to death.

But, the real paradox of our energy crisis Iis
that the United States has enormous untapped
energy resources and human resources with
technical What
and leadership. The response
of our political system to the energy delemma
has so far been disgraceful.

know-how. it lacks are deci-

sions, goals,

It is not true that we are running out of re-
sources that can be easily and cheaply ex-
ploited without regard for future operations.
It is not true that we must turn our back on
economic growth. It is true that the rising
cost of extracting and conserving nature®s
resources slows economic growth. What
is that we have reached a watershed in our me-
thods of management and exploitation of re-
sources. We must face the fact that the well
of non-renewable natural

is true

is not bot-
tomless. We must conserve petroleum and find
substitutes for it in natural gas from coal,
nuclear energy and sunlight. We must accel-
erate programs to develop synthetic and other
substitute materials in addition to creating

a recycle society which reuses many materials
indefinitely.

resources



Like so many emerging national problems, the
federal energy problem cannot be solved piece-
meal . Federal planning policy and leadership
will be required as, never before, in energy
as in non-renewable raw materials. One must
have the faith that trivia will not continue
to triumph in Washington and that we will one
day obtain a national energy policy.

Again, | wish you the very best during the
course of your visit to Rolla.

Dr. Raymond L.
the University of Missouri-Rolla,

ing his

"Opening Remarks"

Bisplinghoff, Chancellor of

present-



CREATING THE ELECTRIC ENERGY ECONOMY

L. G. Hauser
Westinghouse Electric Corporation
East Pittsburgh, Pennsylvania

My remarks will be directed to four points:

First, that energy is the life blood of our economy,

and that its use or conservation is far from a simple

matter of personal habits of waste or frugality. In
other words, the vital role energy plays in the
production of goods and services should be distin-
guished from its use in their consumption.

Second, that our excessive dependence on our two
scarcest energy resources - oil and natural gas -
is the core of the energy problem, both U.S. and
wor ldwide.

Third, that limiting our time horizon to this winter,
next summer, or even 1985, will lead us to commit
major blunders in formulating our energy strategy

and policy.

Fourth, that shifting to an electric energy economy
founded on our most abundant resources — coal and
uranium — is the only realistic, logical, long-term
solution to the energy problem; and the only way to
counter OPEC"s control of the availability and price

of oil.

Let"s begin by looking first at the relationship
between energy use and the health of our economy.

Energy is an essential ingredient of economic growth.
Growth rates of energy and GNP have exhibited a re-
markable lock-step relationship moving in almost
complete synchronism during the past 20 years.

It would not be correct to say that the availability
of energy causes economic growth, but economic growth
certainly cannot take place unless adequate supplies
of energy are available for the processing, manufact-
ure, transportation, and sale of the various goods,
products, and services that make up the gross national
product. Thus the workings of the economy will be
inhibited to the extent that energy is not available
or is priced out of reach. It is sobering to note
that during the unstable economic and energy condi-
tions of 1974, both energy use and economic growth
declined by the same two percentage points.

While a one-to-one lock-step relationship has existed
between energy growth and GNP growth in the past, we
believe that a modest degree of uncoupling between
these variables is both possible and probable in the
future. That is, some degree of energy conservation
and price elasticity effect can occur without a cor-
responding drop in economic growth. Some housing is

being reinsulated; automobile mileage will increase;



industry is taking steps to increase energy use effi-
ciency. As a result, we project that these elasticity-
conservation effects will cause the growth in energy

to lag the growth in GNP by approximately 0.4 percent-

age point in the future.

To project economic performance in the future, we
GNP as defined by the
of Economic Advisors,

have constructed a "potential
President™s Council adjusted
for a 5 percent unemployment rate, reduced net pro-
ductivity, and a steady decrease in labor force
growth rate from the present level of 2 percent to
less than 0.5 percent in the year 2000. We assumed
that the economic recession would bottom out in the
third quarter of this year, and that recovery would
be slow. Even so, we found that the growth in con-
stant dollar GNP over the next five years will have
to average almost 6 percent per year in contrast to
the historical rate of 4 percent if we are to get

back to a 5 percent unemployment level by 1980.

This high growth rate from the depressed starting

point will have its counterpart in a high growth in

energy requirements over this same period. Beyond

1980 both energy use and GNP growth should taper off
to a Z-H percent rate of growth per year in line with
declines in population and labor force growth rates

as projected by the U.S. Bureau of Census.

figure 4

What this says, in effect, is that rf economic re-
covery and reduced unemployment are to take place

over the next five years, more energy must be made
available and at a higher rate of growth than normal -
in the neighborhood of 6 percent per year compared to
a recent historical growth rate of 4 percent per year.
And this must take place at a time when we are facing
the prospect of level or declining production of
domestic energy fuels.

If we cannot make the energy available, then economic
recovery will be choked off.

There has also existed a close relationship between
the kilowatt-hour growth rate and the overall energy
growth rate, with the kilowatt-hour rate running about
3.7 percentage points higher than the overall energy.
IT the economy recovers between now and 1980, we an-
ticipate that the kilowatt-hour growth rate for this
period will average approximately 9.4 percent per year
in contrast to the historical rate of 7  percent, in
spite of both conservation efforts and the elasticity
effect upon demand. The rate should drop back below
the historical growth rate to an average of 6.2 percent

in the first half of the 1980"s.
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FIGURE 5

After
a slow start as a result of the recent cancellations

How would those kilowatt-hours be generated?
and delays, nuclear energy will rapidly take on an
increasing share, reaching 40 percent in 1990. Coal"s
share will remain relatively constant until the early
1980"s, and then increase to over 50 percent in the

late 1980°s.

For the rest of this decade, we see natural gas
declining as a fuel for power generation. The
only fuel whose supply can be increased rapidly
enough to provide the Kkilowatt-hour growth to 1980
is oil, and this increase must be imported. This
unfortunate result is, of course, a direct conse-
quence of the coal-fired and nuclear power plant
delays announced last year, plus the inability to
expand coal production fast enough.

utility oil burn will have to increase by a factor
of three from one point four million barrels a day,
to just about four million barrels in the early

1980"s. This runs directly counter to administra-

tion efforts to reduce dependence upon imports of

oil, but is necessary if brownouts and economic slow-
down are to be avoided.

This large increase in oil consumption for electric
power generation would have been one million barrels
per day less had it not been for deferrals and
cancellations of nuclear capacity additions last
year. By 1985 the difference in the projected oil
burn caused by the nuclear delays and cancellations

is 2 ~ million barrels per day.

Only a massive increase in coal production and a
return to an accelerated nuclear program will make

it possible to bring electric utility oil consumption
The full
imports to

down to one million barrels per day by 1990.
significance of this added burden on oil
meet the needed growth in electric kilowatt-hour
demand is best perceived by looking at the total

energy picture.

Examining the total use of energy in the U.S. in
1972, it is evident that ours is a fossil fuel energy
economy, with direct combustion of oil and gas the
dominant mode of end use. Electricity generation
accounts for 25 percent of total energy input, but

only 10 percent of oil consumption.
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A comparison of the nation®s ultimately recoverable
energy resource base with our present pattern of con-
sumption makes the root of our energy problem dra-
matically clear.

jiguu; 9

We are relying on oil and natural gas, our least
plentiful energy resources, for nearly 80 percent

of our energy needs, and neglecting our most abundant
resources, coal and uranium. With breeder reactors,
our energy resources from uranium are over one-
thousand fold greater than coal, petroleum, natural

gas, and oil shale combined.

At current growth rates, exhaustion of U.S. and world
oil and gas resources is highly probable within 50
years. ITf we are to deal effectively and realistic-
ally with the coming energy crisis, we must sharply
reduce our excessive dependence on oil and gas by
shifting to energy sources that are more plentiful --

uranium and coal.

Let"s look now at our forecast of total energy demand

through 1990. It is based on full recovery of the

economy by 1980, with GNP and energy growth rates
tapering thereafter from 6 percent to 2.5 percent.
Looking at the supply side, we assumed the maximum
production rates for oil and natural gas from domestic
resources would steadily decline, and that coal pro-
duction could more than double. Nuclear®s contribu-
tion was assumed limited to a level consistent with
present utility planning, including the recent un-

fortunate delays and cancellations.

U.S. ENERGY DEMAND AND

105BTU DOMESTIC SUPPLY
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Here 1is the alarming picture we found. Although oil
imports are projected to fall significantly this year,
the start of the economic recovery will begin to drive
By 1980, far from being
reduced, they will be almost double the 1973 level at
Let there be

no mistaking this message; if imports are choked off

them right back up again.

a cost of 50 billion dollars annually.

by tariffs, quotas, boycotts, or other actions, the
ability of the U.S. economy to recover is in severe
Jeooardy.

Let"s now look at what a true maximum commitment to
nuclear power could do for this picture. When 1 say

a true maximum commitment 1 mean a fully enacted and
funded national policy to utilize uranium as rapidly
and as extensively as is physically possible to do.

A program of putting facilities in place quite similar
to a NASA-type space effort, with the cessation of all
legal and environmental delaying tactics which are so
costly to the country today. If we would do this to-
day, you will notice that by 1990, it is_ possible for

us to almost reduce our imports to zero.



FIGURE 11

We have no real choice between now and 1980 except
to live with the rapid rise in petroleum imports,

but unless the proper decisions are made now, this
situation will continue throughout the 1980°s as
well. To eliminate this perpetual high reliance

on oil imports, immediate actions must be taken
toward expanding the role of nuclear and coal, and
to do that we will need to utilize a greater fraction
of our total energy in the form of electricity.

But, the shift to an electric energy economy entails
much more than merely substituting coal/nuclear for
oil and gas in the generation of electricity. In-

stead, it also requires the substitution of electri-
city for the direct combustion of oil and gas at the
point of energy end-use wherever this is technically

and economically feasible.

Because electricity is the cleanest, most versatile,
efficient, flexible, and convenient energy form at
the point of use, there are many opportunities for
such substitutions.

Under the policy of electric substitution, oil and
gas would be reserved for critical, non-substitutable
end-uses such as jet aircraft, large trucks, agri-
cultural machinery, long-distance automobiles, drugs,

fertilizers, and petro-chemicals.

Here is the way we used oil and gas in the U.S. in
1972. If we focus on the first four items — trans-
portation, space heating, process steam, and direct
heat in industry — we are looking at nearly 80
percent of the total direct use of oil and gas. If
we are to achieve any significant reduction in the

demand for oil and gas, we must do it in these areas.

Here is a summary list of some of the more important
and promising opportunities for electric substitution
in each energy sector. The heat pump is seen to have

wide applicability, and can play a key role in res-

ELECTRIC SUBSTITUTION OPPORTUNITIES

Sector Function Electric Substitution

Res stance Hi .it. Heat Pump
Res stance Water Heating. Heat Pump

Residential and ~ Sptco Ho.it;.-g
Commercial ~ Water Heating

All Ctner Ava tabic
Transportation Auto (S~ort-Haul Co- tnc Auto
t<us (Urban) Electrc (iui
Truck (local) (torinc local Delivery Vehicle
Rapid Transit Etectnc f- »%id Transit
Rad Padro.ad E'cctniicei-on
Industrial Process Steam Resistance O? icr.
f loclrooc HO or.
High-Temperature Heat Pump
Direct Heat Rrsslar.ce. Induct-on D electric, and
Rad.ant Heaters. Arc Hr iter
Space Heat Resistance Meat. Hoat Pump.
Waste Heat Recovery
FIGURK 13

idential, commercial and industrial space heating,
water heating, and process steam. It is cost com-
petitive and more energy efficient than an oil or
gas furnace. Electric furnaces are already widely
used in the metals and glass industries, and will
increase as gas and oil prices and availability
worsen.  Short-haul electric vans and buses are feas-
ible, and can be improved as battery technolgoy pro-
gresses. These, along with greatly expanded electric
mass transit systems and electrification of railroads,
can gradually reduce the heavy demand for oil in the
transportation sector which now amounts to over 60

percent of total consumption.

Adoption of a systematic program of accelerated elec-
tric substitution would make it possible to reduce oil
imports to essentially zero by 1990. This in turn

would require an additional 300 GW of electric gener-



ation, bringing the total to 1500 GW, of which 700 GW
would be nuclear.

The accelerated use of electricity is the only option,
the only alternative to a growing dangerous level of
dependence upon imported energy and the intolerable

balance of payments which that would involve.

The future of the U.S. economy is at a critical
crossroads. The path to economic recovery and
growth, and the steps required to assure adequate
energy to support the recovery and growth, seem very
clear. We must accept the necessity for relying upon
increasing oil imports through the late 1970"s, but
we should initiate aggressive programs today to
accelerate the production and utilization of coal

and nuclear energy. This requires a shift to elec-

tricity as the nation®"s primary end-use energy form.



ENERGY EFFICIENCY AND CONSERVATION OF BUILDING

HVAC SYSTEMS USING THE AXCESS ENERGY ANALYSIS

COMPUTER PROGRAM

Ronald H.

Harry J. Sauer,

Howell, Professor
Jr., Professor

Department of Mechanical and Aerospace Engineering
University of Missouri-Rolla

Rolla,

Missouri

Abstract

This paper discusses the use of the AXCESS-UMR energy analysis computer

program applied to two different buildings.

The monthly and yearly energy

requirements of many of the commonly used HVAC systems for a single-story

multi-zone building are found and compared.

Energy conservation techniques

are also evaluated for a two-story St. Louis office building.

1. INTRODUCTION

Heating, ventilating, air-conditioning (HVAC) and
refrigeration for residential, commercial, and in-
dustrial consumers in the United States accounts
for almost 30% of the total energy used by the na-
tion. It has been estimated that as much as 40%
of this energy can be saved with total application
of our present technology. These energy conserva-
tion techniques would include adequate insulation,
reasonable quantities of glass, sensible lighting
levels, more efficient HVAC systems and controls,
minimum but adequate ventilation quantities, and

logical building operation and maintenance sched-

ules.

Basically there are two categories of structures
which must be considered: existing buildings with
installed HVAC systems and controls and new build-
ings which are being designed or will be designed.

All of the above mentioned energy conservation

techniques can be applied to new buildings while
only some of the techniques are feasible for exist-
ing buildings. For existing buildings it is nor-
mally not economical to change insulation, glass,
or the type of HVAC system. However, there is
potential for energy conservation in existing
buildings by modifying the HVAC system controls,
the quantity of ventilation air, and the building

operation and maintenance schedules.

Recently, interest has developed in energy conser-
vation techniques for HVAC systems. Some applica-
tions of these techniques to new commercial build-
ings were discussed by Rahme”~”™ and Spethman”\
Some examples of applying energy conservation
techniques to existing commercial buildings were
discussed by Smith(3) and to residences by

zabinski$Y .

Energy consumption computer programs can be used

with both new and existing buildings in order to



TABLE 1. Some of the Existing Energy Consumption Computer Programs
AXCESS i e ieaaaaa Edison Electric Institute
Westinghouse Energy

NBSLD ¢ i i e National Bureau of Standards

ECUBE .. i American Gas Association

Post Office Program ................... GARD/GATX
Electric Heating Association

L NASA/Langley
TRACE - The Trane Company
Ross F. Meriwether & Associates

(Various computer service organizations)

TABLE 2. Design and Operating Variables of Energy Analysis Programs

Building size

Building shape

Orientation of the building

Construction materials used in the building

Heat storage characteristics of the building
Infiltration rates

Lighting schedule

Internal load generation

Occupancy schedule

Internal temperature and humidity set points

Solar load

Hourly outside temperature and humidity variations
Ventilation schedules

Control and scheduling of operation of HVAC system
Mechanical equipment part load performance

Night set-back of inside set points

Application of economizer cycle

Heat recovery capability
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simulate various types of changes which might be
implemented for energy conservation. Several com-
puter programs are available which simulate (with
various levels of accuracy) HVAC system operation
and provide estimates of yearly energy consumption
for the structure. Several of these programs are

listed in Table 1.

It is not the purpose of this paper to compare
and/or defend the various programs listed in Table
1, since the programs use different methods of
system simulation as well as varying methods of
representing outdoor weather conditions. The
purpose of this paper is to apply a modified ver-
sion of the AXCESS Energy Analysis program to
several test buildings in order to evaluate system
energy efficiency and some energy conservation
techniques. The cases and techniques evaluated
here are only samples of what can be done with
computer program energy analyses. There are a
limitless number of comparisons which can be made;
however, cost, space, and time dictate the number

of cases presented in this paper.

Some of the design and operating variables which
can be accommodated by the energy programs listed

in Table 1 are shown in Table 2.

A comprehensive energy analysis program should
have the capability of evaluating all of the vari-
ables specified in Table 2. In addition, it would
also be advantageous for the program to have the
capability of simulating internal and external
thermal storage, wind effects, shading effects,

and internal temperature swing.

This paper presents results obtained from the
University of Missouri-Rolla version of the AXCESS
Energy Analysis Program applied to two test build-
ings. The first test building simulated a light
commercial structure and was used only to evaluate
the energy efficiency of eight common HVAC sys-
tems. The systems which were simulated included
the double duct (and/or multi-zone) (DD), single
zone reheat (RH), variable air volume (VAV), ceil-
ing induction with heat of lights (HOL), two pipe
induction (IND-2), four pipe induction (IND-4),

two pipe fan coil (FC-2), and four pipe fan coil

(FC-4). Table 3 contains the salient features of

each of the different types of systems.

The second test building simulated a two-story
medium sized office building. In the second test
building the single zone reheat system was used
and the following energy conservation techniques
were applied: reduction of infiltration air;
change in the summer, winter, and night setback
inside set point temperatures; addition of an

economizer; and shading of glass areas.
2. AXCESS ENERGY ANALYSIS PROGRAM

The AXCESS [acronym for Alternate Choice Comparison
for Energy System Selection] program was designed
to provide accurate economic comparisons of the
different energy systems which may be used in all
types of buildings. The AXCESS program consists

of four parts
(1) Energy analysis computer program

(@ First cost differentials among alternate

HVAC systems

() Differentials in costs for operating per-
sonnel, maintenance, and unscheduled re-

pairs.
(@ Financial analysis

The first section of the program is the only one
of concern for this investigation.

The AXCESS Energy Analysis Computer Program(G)

evaluates building energy requirements on an hour-
by-hour basis for a full year (8760 hours), using
typical local weather data (dry-bulb temperature,
relative humidity, cloud cover), building operating
profiles, and base load usage profiles. This pro-
gram is not merely confined to energy requirements
of HVAC systems. Although the HVAC energy is the
one of concern here, the cost of energy is very
much predicated on the combination of all energy
using devices in the structure. AXCESS determines
total energy consumption as well as demand so that
a realistic comparison of HVAC systems and other

energy consuming devices can be made.

The weather data which is used by AXCESS comes from

U.S. Weather Bureau hourly data. The user can



TABLE 3. Features of HVAC Systems
DOUBLE DUCT (or MULTI-ZONE)
1 Has available for each zone both heated and chilled treated air.
m  Constant flow rate of air enters each zone.
m  System mixes air from each duct in order to maintain zone set point
temperature.
H Air in each duct is normally kept at a fixed predetermined value.

SINGLE ZONE REHEAT

0 Constant flow rate of air to each zone.

9 All air is cooled to a predetermined temperature.

AN Conditioned air is reheated enough in order to maintain zone set point
temperature.

VARIABLE VOLUME

A Air is supplied to each zone at a fixed temperature.
A Each zone modulates the volume flow of air delivered.

INDUCTION SYSTEMS (CEILING, 2-PIPE, 4-PIPE)

H Treated primary air is supplied to each zone.

H Room air is induced through coils or around lights.
H 2-pipe either heats or cools induced air, not both.
m  4-pipe can heat or cool induced air on demand.

m  Constant flow rate of air to each zone.

FAN-COIL UNITS (2-PIPE, 4-PIPE)

9 Constant flow rate of air to each zone.
® 2-pipe either heats or cools air, not both.

® 4-pipe can heat or cool air on demand.

select any station and any year of interest. For machines, exhaust fans, vertical and horizontal

this study the weather data for the year 1971 at transportation, cooking equipment, hot water heat-
St. Louis, Missouri, has been used for all calcu- ing, food service refrigeration, food service prep-
lations. aration, food service sanitation, vending machines,

The input data for the building construction in- plumbing and fire protection equipment, machinery,

cludes such items as: total roof area, net wall and others. Up to thirty different base loads can

area, total glass, gross floor area, wall and roof be used in AXCESS. The base loads are input in

construction weights, and ceiling height. terms of maximum electrical connected load or peak

BTU together with a profile which describes the

The base energy loads can include such items as R
percentage use of any of the loads for up to nine

interior lighting, exterior lighting, business B
9 9 9 9 types of days (seven week days, vacation day,

12



holiday). Up to thirty profiles may be input and
there is also the capability of changing the
standard input profiles to a "special period” of
building use (summer session, seasonal night oper-
ation, etc.)

The AXCESS program can receive the heating/cooling

load data for the structure in a variety of ways.

The user may input these loads for each zone cal-

culated on an hourly basis from some other load

program (NBS - Post Office, HCC-111, etc.). It

these hourly loads are not available, total build-

ing design loads may be input in the form of sum-

mer and winter transmission and solar, with or

without a breakdown between glass, wall, and roof

values and solar loads. These loads may be fur-

ther broken down to an exposure-by-exposure basis

when available. IT the hourly values are not in-

put the AXCESS Program will take the building de-
sign values and back calculate to determine U-

factors and solar loads by exposure.

The AXCESS program can accommodate up to 180 zones

in the structure. For each zone of the structure

the following information is input: inside design

temperatures and relative humidity for both summer

and winter, night setback temperature and relative

humidity, wall area, glass area, floor area, roof

area, internal heat gains from the base loads,

light heat to return air, number of people, infil-

tration flow rate, air supply to the zone, zone

number, and zone exposure.

The HVAC system simulations in the AXCESS program

are divided into terminal and primary system

types. The terminal systems serve sets of speci-

fied building zones. Up to twelve terminal sys-

tems can be input with up to fifteen zones as-

signed per terminal system. Most of the HVAC ter-

minal systems in common use today are simulated by

the program and range from simple unitary equip-

ment to the more complex ceiling induction units

utilizing lighting cavity heat. The primary sys-

tems which are specified are; chillers, boilers,

heat pumps, on-site generation, etc., and are as-

signed to serve specific terminal systems or to

serve each other. Each terminal and primary sys-
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tem can have its operating parameters specified

as input or, in some instances standard design

values can be assumed. Primary system description

includes full-load, mode of operation, and part

load efficiencies.

As part of the AXCESS Energy Analysis Program pro-
vision is made for assigning up to 36 energy meters

which can be assigned to base loads, primary sys-

tems, and terminal systems. This allows submeter-
ing of the various loads as well as total metering

of the various energy sources in the building.

The AXCESS program also has the capability of us-

ing waste heat from some base loads and HVAC loads

to meet base loads and HVAC loads.

Another unique feature of the AXCESS program is
that it can analyze up to six separate mechanical/
electrical schemes on a single computer run. This
allows the consideration of various lighting

schemes,

terminal systems, and primary systems for

a single building with only one computer run. In
this way meaningful comparisons of energy require-

ments can be readily accomplished.

The basic program output consists of (1) a complete
print-out of input data for verification purposes,

and (2) monthly and annual indications of energy
usages and demands by energy source types. In
addition, sample calculations for selected days,

hours, zones, and schemes can be requested. This
allows comparison with longhand calculations for
verifying program accuracy. Also as part of the
output the user can specify breakdowns of energy
usage by load type, monthly total heat rejected

from air cooled or water cooled primary refrigera-
tion systems, hourly and/or monthly deficit or ex-
cess KWH for on-site generation, and hourly or
daily energy usage for each meter.

The version of AXCESS which was used in this
vestigation was obtained from Union Electric
Company (St. Louis, This version

designated as AXCESS-UMR VERSION.

Missouri).
This version
has been revised and updated from the existing

version of AXCESS issued by Edison Electric

Institute in 1974.



3. TEST BUILDING ONE

The first test building considered was a single

story rectangular light-commercial building con-

taining five zones. A sketch of this building,

its dimensions, zone numbers, areas, air flow

rates, and lighting are shown in Fig. 1.

Loads Summer Winter
Roof 70000. 71000.
Glass + Wall 14080. 45440.
Wall + Roof 82760. 112180.
Total 84080. 116440.

Figure 1 Test Building One

The total areas are as follows: roof, 5000 sq-

ft.; wall, 2900 sq. ft.; glass, 100 sq. ft.; floor,

5000 sq.
winter - 75°F dry bulb,
75°F dry bulb,

ft. The inside design conditions are:

30% relative humidity;

summer - 50% relative humidity.

The outside design conditions are: winter - +4°F

dry bulb, summer - 95°F dry bulb, 78°F wet bulb,

70°F total equivalent temperature difference,

August 21, 4:00 PM, and one-half air change per

hour of infiltration air. The weather station for

the energy analysis was for St. Louis, Missouri,

with a latitude of 38°N, longitude of 91°W and a
midwest time zone. The building design solar and

transmission loads in Btu/hr are as listed below.

Loads Summer Winter
Glass Trans 40. 4260.
Glass Solar 1280.
wall 12760. 41180.
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Zone 1 has a northern exposure area of 1000 sq. ft.

Zone 2 has a western exposure of 500 sq. ft. Zone

3 faces south and has 1000 sq. ft. of exposure

area. Zone 4 faces east and contains 500 sq. ft.

of exposure area. Zone 5 is an interior zone with

a horizontal exposure.

The only base load considered in this test build-

ing was interior lighting with a total installed

quantity of 20 kw. The lights were kept on at
full value for 24 hours a day every day of the

year except Saturdays.

Test Building One was simulated using a boiler and
chiller for the exterior zones and a separate
boiler and chiller for the interior zone. Each of
load efficiencies

COP = 3.0)

these units had typical Tfull
(gas boilers - 80%, electric chiller
with typical part load degradation of efficiency.

The external zones (1, 2, 3, 4) were served using



4-pipe fan-coil terminal units while the

interior

zone was served using different types of terminal

units.

The yearly results for each of the boilers and

chillers are summarized

in Table 4.

The results

are given in terms of usage (Kilowatt-hours, or

cubic feet) and demand (Kilowatts and cubic feet

per hour).

tems are ranked for heating,

In addition,

the various terminal sys-

cooling,

and total

energy usage for terminal system one and the total

building.

The double duct (or multizone) system (DD) consis-

tently ranked seventh

consumption for HVAC.

is shown

in Figure 2.

The system

is energy

in terms of minimum energy

The diagram of this system

inef-

ficient because

it uses reheat energy to create

an additional HVAC load at off design conditions.

Figure 3 depicts the reheat system (RH) which

ranked last

sumption.

In this system all of the supply air

in terms of minimum HVAC energy con-

is

cooled to a cold deck temperature and then reheat

is added as needed to maintain each zone at the

set-point temperature.

Like the double duct sys-

tem this system uses reheat energy to create an

additional HVAC

The variable air volume system (VAV)

Figure 4 and
HVAC energy consumption.

would be more energy efficient than this,

this simulation,

it ranked Ffifth

TABLE 4 HVAC Energy Consumption and Demand for Test Building One-St.

SCHEME

TS-1(INT)
TS-2(EXT)
Usage (KWH)

Demand (KW)

2 ATEE]

Rank

Usage(ct)

=G

Demand(cfh)
Rank

TERMINAL
System 1

Total (106BTU)

Rank

Usage (KWH)

cs=

Demand (KW)

N Usage(cf)

gos

Demand(cfh)

Chillers(KWH)

Boilers(cfh)

T Tmm

Rank

Total (106BTU)

1

DD

25,554

6

7

185,665

84

7

273

40,189

18

445,526

324

65,743

631,191

856

2

RH

34,379

8

8

512,074

93

8

629

40,189

18

445,526

324

74,568

957,600

1,212

3

VAV

18,394

128,625

56

191

5

40,189 .

18

445,526

324

58,583

574,151

774

5

15

4

HOL

5

IND-2

4-PIPE FAN COIL

12,766

5

3

5,097

17

49

40,189

18

445,526

324

52,955

450,623

631

1

17,060

6

5

113,395

67

4

172

40,189

18

445,526

324

57,249

558,921

754

6

IND-4

15,761

157,863

80

212

40,189

18

445,526

324

55,950

603,389

794

6

the ventilation rate

Louis,
7

FC-2

6,001

77,417

84

98

40,189
18
445,526
324
46,190
522,943
681

2

load at off design conditions.

is shown in
in terms of total

Normally the VAV system

but in

is set as

Missouri-1971

8

FC-4

8,068

74,623

84

102

40,189

18

445,526

324

48,257

520,149

685

3
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Figure 2 Double Duct or Multi-Zone System

PREHEATER HUMIDIFIER COOLING HEATING
COIL COIL

Figure 3 Single Zone Reheat System
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PREHEATER HUMIDIFIER

COOLING
CoIL

Figure 4 Variable Volume System

the percentage of the maximum supply air. This

causes the ventilation load to be excessive.

The ceiling induction heat of light (HOL) system
(see Figure 5) ranked first in terms of energy
efficiency. This is due to the fact that much of
the heat from the lights is used for heating and

reheating purposes in both summer and winter.

The two-pipe and four-pipe induction systems (IND-
2 and IND-4) are shown schematically in Figure 5.
They ranked fourth and sixth, respectively, in
terms of energy efficiency when compared to the
other systems. The differences between these two
systems accrue due to different primary air tem-
peratures during summer and winter for each system
as well as the fact that the two-pipe system will
not always maintain the set point temperature dur-

ing off design periods after switch over has oc-

curred.

The fan coil systems (FC-2 and FC-4) are shown in

Figure 6 and ranked second and third, respectively,

in terms of energy efficiency for this building.

The differences between FC-2 and FC-4 occur because
of the necessity of having switch over days for the
two-pipe system which means that there will be some

days when the set point temperature cannot be met.

In general, it can be said for this test building
that the HOL and FC-2 and FC-4 are the best systems
for the interior zones as far as energy efficiency
is concerned. It should be kept in mind however,
that these results could very well change as vari-
ous operating or design parameters for the building

are changed.
4. TEST BUILDING TWO

The second building simulated with the AXCESS pro-
gram was modeled after an existing two story office
building located in St. Louis, Missouri. The
building had a roof area of 22,810 sq. ft., total
wall area of 9,460 sq. ft., total glass area of
7,536 sq. ft., gross floor area of 45,620 sq. ft.,
and a ceiling height of 9 feet.
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MIXED
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Figure 5 4-Pipe Induction System
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Figure 6 4-Pipe Fan Coil System

The building had four exposures with medium
weight walls and roof. The building was divided
into 16 zones, each served with a terminal re-
heat (see Figure 3) secondary system (cold deck
temperature at 55°F). Each zone had a requirement
of 10% minimum outdoor air, with a night heating

schedule, time clock schedule,

economizer, and no

winter humidification.

The primary systems consisted of four air condi-
tioning units (2/floor, 4 zones/unit) with elec-
reheat coils in

tric each zone for heating and re-

heating. The summer indoor design conditions were

75°F-50% relative humidity while the winter indoor
design conditions were 75°F-30% relative humidity
with night setback conditions of 60°F and 30%

relative humidity.

The building had a maximum occupancy of 410 people

with an installed lighting capacity of 133 kw.

Each of these base loads were applied to the zones

according to the typical load profiles for the

building. [In addition, some special period pro-

files during the winter months were used. Five

holidays, as well as daylight savings time, were

considered in the calculations. The design heat

loss/gain loads were obtained from the consulting
in the form of total

engineer and were values for

19

summer and winter for glass, wall, roof, and solar.

The design loads were as given below.

Summer Glass Solar =

(€Y
&)

139,852 BTUH
Summer Solar and Transmission-glass

- 246,353 BTUH

() Summer Solar and Transmission-walls

= 44,522 BTUH
(@) Summer Solar and Transmission-roof

= 257,644 BTUH
(5) Winter Transmission-glass = 425,604 BTUH
(®) Winter Transmission-walls = 178,088 BTUH
(7)) Winter Transmission-roof = 429,407 BTUH

AXCESS-UMR was run using the above data for Test
Building Two and the resulting KWH for each month
and full year for HVAC,

heating and reheating, and

cooling are given in Table 5. This set of results
is referred to as the base case for Test Building
Two.

In the base case, zero air changes per hour

The results for

HVAC

of infiltration air was used.

Case 1 are plotted in Figure 7. The total

load (heating, cooling, fans, auxiliaries) had a

seasonal variation with maximum KWH required in
January (141,678) and minimum KWH in June (114,085).
Heating and reheating energy was minimum during
June (36,848 KWH). For this test case the cooling
load peaked during June at 53,057 KWH. These re-
sults are typical for this type of building and
system when the economizer is is

in use (which it

in Case 1).

Table 5 also contains the results of four addi-
tional test runs on Test Building Two. In Case 2
one-half of an air change per hour of infiltration
air was considered. In Case 3, the set-point tem-
peratures were changed from 75°F to 80°F during
the summer and from 75°F to 70°F (night setback
from 70°F to 60°F) during the winter. In Case 4,
30% of the solar glass load was reduced (by natural
or mechanical shading) from the existing quantity
in Case 1. Case 5 represents the building operat-

ing without benefit of the economizer.

Cases 2 through 5 have been compared with base Case

1 and the results in terms of percent change of the

monthly and yearly values are given in Table 6.



TABLE 5 Energy Consumption and Demand for Test Building Two-Office Building-St.

JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
oCT
NOV
DEC

YEAR

DMD (KW)
MONTH

JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
oCT
NOV
DEC

YEAR
DMD
MONTH

Case 1 (Base)

HEAT &

HVAC REHEAT COOLING
141,678 123,606 962
123,775 100,243 6,360
131,124 103,603 7,992
135,589 83,560 30,714
127,022 65,908 39,699
114,085 36,848 53,057
115,742 41,219 50,877
117,402 41,845 51,589
120,176 49,990 47,457
124,574 58,232 43,675
137,699 101,051 17,476
121,333 99,025 3,990

1,510,194 905,132 353,848
394
2

Case 4 (30% Solar Shading)

HEAT &

HVAC REHEAT COOLING
143,236 125,165 962
125,540 102,009 6,360
133,533 106,013 7,992
138,449 86,421 30,714
129,798 68,686 39,699
116,717 39,482 53,057
118,418 43,897 50,877
119,964 44,409 41,589
122,469 52,284 47,457
126,644 60,303 43,675
139,415 102,768 17,476
122,650 100,343 3,990
1,536,829 931,779 353,848

394

-2

(KWH)
Case 2 (Infiltration)

HVAC

152,579
131,487
138,437
140,437
129,292
108,397
111,612
113,376
117,709
124,619
146,187
126,862

1,540,988

HEAT &

REHEAT COOLING
134,509 962
108,049 6,277
110,932 7,980
88,858 30,325

69,524 38,522
37,075 47,876
41,776 46,768
42,474 47,510
51,573 43,906
60,134 42,052
109,764 17,281
104,654 3,902

959,321 333,359
394
2

Case 5 (No Econonizer)

HVAC

181,897
158,437
170,574
151,306
131,993
114,085
115,742
117,494
121,489
128,032
164,167
163,189

1,718,399

HEAT &
REHEAT COOLING
123,606 37,310
100,243 37,608
103,603 43,519
83,560 44,773
65,908 44,091
36,848 53,057
41,219 50,877
41,845 51,669
49,990 48,622
58,232 46,747
101,051 41,307
99,025 41,650
905,132 541,233
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Louis, Mo. -

1971

Case 3 (Design Coriditions)

HVAC

117,114

99,283
101,512
176,876
168,149
152,665
155,211
157,492
156,903

91,628
108,759

93,691

1,579,281

HEAT &
REHEAT

99,194
76,743
75,236
119,631
100,299
66,854
72,331
73,515
79,535
32,557
75,018
71,858

942,769
460

£

COOLING

832
5,494
6,902
35,293
45,613
60,630
58,246
59,010
53,792
37,308
14,928

3,574

381,620



Figure 7 Monthly Energy Requirements - Base Case 1

Increased infiltration always increased the monthly

heating and reheating energy requirements showing
a yearly increase of 6%. The cooling requirements

were always less when infiltration was present and

showed a yearly decrease of 5.8%. The reason for

this reduction is that the infiltration air at

night (when ventilation is off) acts as a cooling
For the total HVAC en-

172

source for the building.
ergy requirements the added infiltration of

air change per hour caused a 2% increase in the

yearly energy requirement. This type of sensitiv-
ity to infiltration flow rates was also demon-
strated by McBride, et.al/7”~ for a similar type

of building.

Changing the zone set-point temperatures to a

higher value in the summer and a lower value in

21

in order to conserve energy was not

in Table 6

the winter
valid for this reheat system. As shown

these changes resulted in an annual increase in

of 4.1%
energy of 7.8% with the total HVAC yearly
by 4.6%.
reasonable to leave the zone set-point temperature

This

reheat and an annual increase in cooling

load up

For this reheat system it would be more

at as low of a value as would be comfortable.

would reduce the energy required for cooling as
well as the energy required for reheating. Lower-
ing the set point by 1° for the entire year should
save approximately 5% to 7% of the total HVAC en-

ergy. McBride, et.al.”~7” indicated approximately

a 20% in energy required for a 3°F space

Zabinski(®)

reduction
temperature reduction. Likewise,

showed that for residences a 1°F drop in space



JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
OoCT
NOV

DEC

YEAR

Total
% Charige
in H/AC

TABLE 6 Comparison of Energy Conservation Techniques

INFILTRATION
Case 2
172 Air Change/hour

% Change from Case 1

Heat&Reheat

+8.8

+7.8

+7.1

+6.3

+5.5

+0.6

+1.3

+1.5

+3.2

+3.3

+8.6

+5.7

+6.0

Cooling
0

-1.3

HE24

SET-POINT CONDITIONS

to 70°F,

Case 3
Summer 75°F-80°F,Winter 75°F
Setback-70°F-60°F

% Change from Case 1

Heat&Reheat

-19.7

-23.4

-27.4

+43.2

+52.2

+81.4

+75.5

+75.7

+59.1

-44.1

-25.8

-27.4

+4.6%

Cooling
-13.5
-13.6
-13.6
+14.9
+14.9
+14.3
+14.5
+14.4
+13.3
-14.6
-14.6

-10.4

30% SOLAR SHADING

Case 4

Heat&Reheat Cooling

+1.3 0
+1.8 0
+2.3 0
+3.4 0
+4.2 0
+7.1 0
+6.5 0
+6.1 0
+4.6 0
+3.6 0
+1.7 0
+1.3 0
+2.9 0
+1.8%
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NO ECONOMIZER
Case 5
% Change from Case 1 Additional KWH over Case 1

Heat&Reheat

0

Cooling
+36,348
+31,248
+35,527
+14,059
+ 4,392

0

0

+80
+ 1,165
+ 3,072
+23,831

+37,660

+187,358

+13.8%



temperature would result in a 5% reduction in
total energy required for the year. A 6% savings
per 1°F reduction was also reported by

Spielvogel ~

Solar shading of the glass in this building with
a reheat system also does not help to conserve
energy. Comparison of Case 4 with Case 1 in Table
6 shows that the annual heat and reheat load has
been increased by 2.9% with the total HVAC load
increased by 1.8%. There are two reasons for the
increased heating requirements. During the winter
the solar load helps to maintain the inside tem-
perature so that when solar shading is implemented,
the amount of heating by the system must increase
in order to maintain the 75°F indoor set point
temperature. During the summer months the reheat
is used to apply a load to the system in order to
maintain the 75°F indoor set point temperature.
As the summer solar load is reduced the reheat

must be increased.

The use of an economizer in the building indi-
cates a substantial savings in energy requirements
for this system. As shown in Table 6 a large
quantity of free cooling is obtained during the
winter months. The total HVAC energy increased by
13.8% when the economizer was removed from the
building HVAC system. The HVAC energy require-
ments with and without the economizer have been
plotted in Figure 8 in order to demonstrate the
monthly savings in energy that can result from
the economizer. The largest percent savings which
occurred was in December when the economizer re-

duced the total HVAC energy by 25%.
5. CONCLUSIONS

The following conclusions can be drawn from this -
analysis of computer calculated energy require-

ments for building HVAC systems.

(1) The AXCESS-UMR Version energy analysis
program can be used to evaluate energy re-
quirements for new and existing buildings.

(2) Each structure and system must be treated
on an individual basis. General conclu-

sions are not always valid for buildings

and/or HVAC systems.

(3@ The fan coil, variable air volume, and
induction systems appear to be the better
systems when considering energy efficiency.

(4) Not all systems respond in the same way to
the common energy conservation techniques.
Judgement and analysis are necessary for
meaningful conclusions.

(5) The economizer appears to be one of the
most promising energy conserving devices

for large buildings.
6. ACKNOWLEDGMENT

The authors are indebted to Mr. George Wagner and
Mr. Carl Glaser of the Union Electric Company for
granting permission to use the AXCESS-UMR computer
program for this paper. The financial support of
the Union Electric Company and the Department of
Mechanical and Aerospace Engineering at the Univer-
sity of Missouri-Rolla was greatly appreciated.
Thanks are also due to Mr. James Ott who provided
the experience necessary for carrying the machine

computations.
7. REFERENCES
1. Rahme, Roy W., "Trends in Heating, Ventilation

and Air Conditioning Systems for Maximum En-
ergy Efficiency," ASHRAE Journal, January 1975.

2. Spethman, D. H., "The Importance of Control in
Energy Conservation,' ASHRAE Journal, February
1975.

3. Smith, 0. F., "Replacement, Modernization and
Upgrading Existing Industrial Plants,” Heat-
ing, Piping and Air Conditioning, April 1975.

4. Zabinski, M. P., "Fuel Consumption in Residen-
tial Heating at Various Thermostat Settings,"
ASHRAE Journal, December 1974,

5. The Engineering Costs Section of AXCESS Alter-
nate Choice Comparison for Energy System Selec-
tion, Electric Energy Association, 90 Park Ave.
New York, NY.

6. Reeves, George, "Engineers Now Have Access to
AXCESS,"™ Actual Specifying Engineer, December
1972, p. 99.

7. McBride, M. F., Mast, W. D., Jones, C. D., and
Sepsy, C. F., "Field Validation Test of the
Hourly Load Program Developed from the ASHRAE
Algorithms,"” ASHRAE Transactions, 1975.

8. Spielvogel, L. G., "Computer Energy Analysis
for Existing Buildings, ASHRAE Journal, August
1975.



Figure 8 HVAC Energy Requirement With and Without Economizer

8.

Ronald H. Howell is Professor of Mechanical Engi-
neering at the University of Missouri-Rolla. He
holds the B.S., M.S., and Ph.D. degrees from the
University of Illinois. Dr. Howell has taught
and conducted research in refrigeration, heating
and air-conditioning for over 15 years. He be-
came a member of ASHRAE in 1969 and serves on
several national committees of the society.

24

BIOGRAPHIES

Harry J. Sauer, Jr. is Professor of Mechanical and
Aerospace Engineering at the University of Missouri-
Rolla. He holds the B.S. and M.S. degrees from the
University of Missouri and the Ph.D. from Kansas
State University. Dr. Sauer has been active in the
environmental control field for over 17 years. He
has been a member of ASHRAE since 1963 and served
on several national committees of the society.



CONTROL BY CODE OF ENERGY USAGE

Harry J. Sauer,
Ronald H.

Jr.,
Howell,

IN BUILDING SYSTEMS

Professor
Professor

Department of Mechanical and Aerospace Engineering
University of Missouri-Rolla

Rolla,

Missouri

Abstract

Space heating,
the total energy use in the U.S.
IN NEW BUILDING DESIGN,
of new buildings,

HVAC, service water heating, electrical

tems and equipment for efficient use of energy.
implications of the proposed energy standard
its use.

current status, content, and
and reports some experience with

1. INTRODUCTION

Americans use over 72 quadrillion Btu"s of energy

each year. Heating, air conditioning, and refri-

geration for residential and commercial consumers
in this country use about 26.7% of this energy.

This includes approximately 18% for space heating,
4% for water heating, 2.2% for refrigeration and

2.5% for air conditioning. This is exclusive of

the energy utilized in industrial heating,

While

cooling,

and refrigeration requirements. it is true
that the American people use more energy than any
other nation, it is also true that this is what

makes the United States the most industrialized and

prosperous country in the world. Unfortunately,

a large amount of the energy is wasted. The
National Bureau of Standards estimates that approx-
imately 40% of the energy used for heating is
wasted while energy requirements for cooling can

be reduced 30% with little sacrifice to comfort.
Energy conservation must become a part of construc-
tion technology. There should be an energy stan-

dard which will eliminate the wasting of our

25

air-conditioning and refrigeration accounts for over 30% of
ASHRAE Standard 90P,
sets forth requirements for the design of all types
covering their exterior envelopes and selection of their
distribution and

ENERGY CONSERVATION

illuminating sys-
This paper reviews the

precious energy resources, but which is workable,
allows for creative engineering and has adequate
technical review in its creation.

In 1973, the National Conference of States on

Building Codes and Standards (NCSBCS) , the organi-
zation of state building code officials, requested
from the National Bureau of Standards (NBS) guide-
lines on energy conservation which could be incor-

porated into the various state building codes. In

turn, the American Society of Heating, Refriger-
ating and Air-Conditioning Engineers (ASHRAE) was
requested by NBS to sponsor the standard on an

as a standard of the

interim basis and later

American National Standards Institute (ANSI)

through its consensus procedures.

informed answers to the

of the

NCSBCS was wise to seek

problem which confronted it as a result

energy crisis. Too often, in the past, profes-

sional and technical organizations have not been
involved or even consulted. There

asked to be

have been and are proposed many standards governing



heating and air conditioning which are either

being prepared or being proposed with good inten-

tions, but with far

of the full

less than a full understanding

impact of these. Proposals such as

shutting down all air conditioning systems whenever

the ambient outside temperature is below 75°F show

lack of understanding of the technology involved,

since they ignore the efficiency and comfort of

the building occupants.

In February 1974, NBS presented its finished

documentto ASHRAE in an effort to obtain broad-

based, professional support and endorsement. Such

was not forthcoming; ASHRAE did accept

however,
the responsibility of either re-writing the NBS
proposal or providing an alternative standard
which ASHRAE membership Woul% support.
(&)

was submitted to

In late

June, Proposed Standard 90P

- - - _ R 3“6
public review. The review was quite extenS|ves )

The result has occasioned major revision of 90P

and its re-issuance for another round of public in-

spection. The current version of the proposed

ASHRAE Standard 90P, ENERGY CONSERVATION IN NEW

BUILDING DESIGN, sets forth requirements for the

design of all types of new buildings, covering

their exterior envelopes and selection of their

HVAC, service water heating, electrical distribu-

tion and illuminating systems and equipment for

efficient use of energy.

ASHRAE has not been the only source for suggested
17 Q~

energy standards or legislation®™ ~ National

focus however, appears to reside with the ASHRAE

effort. In 1973 only two states had passed legis-

lation regulating energy in construction. Today,

however, 38 states have ongoing activity related

to energy conservation for buildings. At the

present time seven states are considering their

own energy document for implementation within their

state. However, they indicated that if the ASHRAE

document becomes available soon, they could consid-

er changing from a state-developed document to the

ASHRAE document. The remaining states have stated

that they will wait for the ASHRAE energy standard

if it is forthcoming within a reasonable length

of time. It will

not be long until all 50 states

have legislation regulating energy in the con-

struction field in new and existing buildings. It

becomes extremely important that a national document

be developed, adopted, and implemented to achieve

a uniform approach to energy conservation.
2. PRESCRIPTIVE VERSUS PERFORMANCE CODES

If there is widespread realization of an energy

problem, why the delay in executing a standard?

One reason is the existence of two conflicting

theories on how one conserves energy.

One group advocates a prescriptive type of code
under which all building components influencing
energy consumption would be individually specified.
For example: "Glass areas shall constitute no
more than xx% of outside wall areas.™ Prescrip-
tive codes have advantages. They are familiar

to designers, specifiers and building inspectors.
They provide a go-and-no-go gauge on which even

relatively inexperienced men can base approvals.
However, prescriptive codes have serious draw-

backs and could have a negative impact on the
industry and on growth within the industry. A
typical example would be a requirement for a

specific thickness of insulation, which would
eliminate the economic advantages of developing

more effective insulating materials.

The second group favors an overall energy con-
sumption budget for buildings expressed
sq.ft,

in Btu/

of floor area/yr. Obviously, no single

budget figure would be applicable to all types of

buildings. These budgets would vary according to

geographic area and conditions of occupancy and

use. This group argues that the prescriptive ap-

proach to this particular problem rests on a dan-

gerous assumption, to wit: 'Maximum energy con-

servation will result from proper specification of

each component."™ But, this group argues, when the

HVAC, mechanical, lighting systems and the building

shell, each with its own set of governing criteria,

are considered to be unrelated, trade-offs between
those segments would be disallowed.

trade-offs,

Without such
maximum reduction of energy consumption

may be impossible to achieve.

A discussion of as complicated a subject as trade-

offs between one building system (e.g. lighting)



and another (e.g- the building shell) is apt to

be cloudy unless it is illustrated with specific

examples.

Considering the U value of glass versus the U
value of insulated masonry walls, would not the
total energy consumption of the building have
necessarily been lower if the glass area had been

reduced? A study of energy consumption in 13
prestigious Chicago buildings,

1974

published in the

September, issue of ARCHITECTURE PLUS, pro-

vides some clue to the answer.

These buildings average an annual

264.000 Btu/sq.ft./yr.

energy usage of
The highest energy user
was found to be an older concrete building with
clear glass area less than 50% of wall area, using
230.000 Btu/sq.ft./yr. The
the 1BM Building,

lowest energy user was
with reflective glass area more

than 75% of wall area, using 141,000 Btu/sq.ft./yr.

The facts cast doubt on the simplistic solution
of arbitrarily restricting glass area. Energy

budget design quantifies and evaluates both mechan-
ical and non-mechanical

building systems in terms

of their impact on overall annual fuel consumption.
The energy budget provides design freedom in the

case of new buildings, operating energy levels for
upgrading and renovation of existing buildings,
and automatic provision for the incorporation of
new technologies and energy sources without neces-

sitating standards revision.

The objection most often raised to adopting stan-
dards or legislation which include energy budgets,
is a lack of hard data establishing realistic
consumption levels. If the national objective is
to have buildings of the future consume xx% less
energy than existing buildings, proponents of the”
energy budget approach urge that the logical way
to proceed is to find out from what base Tfigure

the reduction is to be made. There have been

spot checks on energy consumption in existing

buildings, but what is needed is a meaningful

national data bank on a great number of buildings
by location, type,

The center for Building Technology,

and conditions of occupancy
and use.
National

Bureau of Standards, is now working

toward that objective at the behest of the Federal

Energy Administration. If it is decided that, in

new buildings, a reduction in energy consumption

of xx% is both attainable and dictated by the energy
situation, an annual overall energy budget for each
new building may be derived from such a data bank.
The proponents of energy budget codes feel that
each team of architects and engineers should be
permitted to design within the limits of their
assigned budget

in any way their ingenuity and

capability suggests. The national objective of

energy conservation will have been served.

ASHRAE Standard 90-P, in its present form, attempts

to mediate both approaches. The concluding chap-
ters allow the designer some flexibility in an
otherwise restrictive standard. The code would
require all new residential, commercial, and in-
stitutional buildings to conform to the numerical
values specified, for the structure and the mechan-
ical systems, unless the designer has some better
ideas. He will be permitted to deviate from the
standards if he can show that the annual energy
consumption will be no greater than if he had
followed the standards. To prove this he must
draw up a full-year energy usage analysis for the
structure which conforms to the standard, and

another analysis for his proposed deviations.

The second major reason for delay in establishing

the standard, and probably the most troublesome
difference of opinion to face ASHRAE,

ASHRAE

has been the
"source energy" question. in developing
90P side-steps the issue on the grounds that the
best expertice in the power generation field exists
outside ASHRAE and that the source energy problem

is thus best addressed by others. The standard
""takes into account energy losses and efficiencies
connected with new buildings within the boundary

of a contiguous area under one ownership. It does

not take into consideration the energy used in the

extraction, processing and delivery to the building
site of the basic fuels or secondary forms of
energy." Hence, the current version of Standard 90
limits the subject of energy conservation to the
"puilding line"; that is, it treats all energy
sources without reference to the energy required to

deliver them to the building.



3. CURRENT STATUS OF ASHRAE STANDARD 90

ASHRAE Standard 90-75 consisting of the following
eleven sections was approved by the society”"s

11, 1975 and

board of directors on August is now

an official ASHRAE Standard:

1.0 PURPOSE
SCOPE
DEFINITIONS
4.0 EXTERIOR ENVELOPE
5.0 HVAC SYSTEMS
HVAC EQUIPMENT
SERVICE WATER HEATING
8.0 ELECTRICAL DISTRIBUTION SYSTEMS
LIGHTING POWER BUDGET DETERMINATION

PROCEDURE
10.0 ENERGY REQUIREMENTS FOR BUILDING DESIGNS
BASED ON SYSTEMS ANALYSIS
11.0 REQUIREMENTS FOR BUILDING UTILIZING SOLAR,
WIND OR NON-DEPLETING ENERGY SOURCES
However, responding to pressure from groups con-

demning the building line approach, a special

ASHRAE Presidential Committee was appointed to
deal with the source energy question. This com-
mittee has recommended the addition of a twelfth
section on source energy,

RIF."

informally called "RUF-
The purpose of Section 12, ANNUAL FUEL AND
ENERGY RESOURCE DETERMINATION, 1is "to provide a
method for reporting the calculated annual burden
that a proposed building would place on available
fuel and energy resources.” The major contents
of this proposed section are: () a requirement

that a report be made on the impact of the build-

(2 a table

of Resource Utilization Factors (RUF) which gives

ing on the nation®"s energy sources,

losses and energy burdens involved in processing,

transporting, converting and delivering various

forms of energy to a building, and (3 the con-

cept of Resource Impact Factors (RIF) to account

for the relative desirability of using one fuel

or energy resource over another in a particular

location. ASHRAE would not provide RIF numbers.

Section 12 was published in the July issue of the

ASHRAE Journal for open review and will probably

not be finalized until

sometime in 1976.

There are no enforcement provisions in ASHRAE
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Standard 90-75. This document contains a codified

list of design recommendations which can be adopted
by state and local

building authorities, and en-

forcement would be at those levels, where it is

incorporated into law.

4. EXAMPLE OF EFFECT OF STANDARD 90

ON RESIDENTIAL ENERGY REQUIREMENTS

In order to roughly assess the degree of change in
building construction and energy usage for compli-
ance with the requirements of 90P, load and energy
calculations consistent with ASHRAE procedures and
using the AXCESS Energy Analysis Program were made
on a relatively typical residence (patterned after
an actual house). Details of the basic residential

structure are given as Figure 1.

Excerpts from the applicable sections of Standard

90P are as follows:

4.2.3 For estimating heat loss or gain through
the exterior envelope of the building
the following design temperatures shall
apply:

Indoor Outdoor

Winter
Summer

70F
80F

97*5h
29

4.3.1.1 Equation 1 shall be used to determine

acceptable combinations of wall, window

and door areas, and thermal properties
to meet the requirements of Table 1

Equation 1

Udoor Adoor

i S i+ i +
Uo = UwapllAWall : Uwindow AWinhow

Ao
Table 1
ONE, TWO AND MULTI-FAMILY RESIDENTIAL LOW RISE
Heating Max.-UO-Walls

Degree Days Btu/hr ft~ F

5000 0.23

4.3.2 The thermal transmittance value for the
roof/ceiling shall not exceed a value of
U0 = 0.05 Btu/hr ft2 F.

5.3.2.4 Infiltration

Unless specifically calculated other-

wise, heating and cooling design load



BASIC PLAN:

Wall Construction: Face Brick, 25/32" insulating board sheathing, 2 x4 studs on 16" centers, 3/8"
gypsum board interior.

Ceiling: 2x6 ceiling joists, 16" oc, no flooring above, 3/8" gypsum board ceiling.

Roof: Asphalt shingles on solid wood sheathing, 2 x 6 rafters, no insulation between rafters, no ceiling
applied to rafters, 1:4 pitch, 1 ft overhang on eaves, no overhang on gables.

Full basement: Heated, 10" concrete walls, all below grade, 4" concrete floor over 4" gravel.
One fireplace in living room on first floor.

Garage: Attached but unheated.

Windows: W - 3" x 5" single glazed, double hung wood sash, weather stripped with stormwindow
WA - 10"x 5 1/2" picture window, double glazed, 1/2" air space
WA - 5" x3" woodsash casement, double glazed, 1/2" air space

- 3" x3" woodsash casement, double glazed, 1/2" air space
Doors: D™ - 3"0" x6"8", 1 3/4" solid with glass storm door
DN ~ Sliding patio glass door, two section, each 3" x 6"8", double glazed, 1/2" air space, alumi-
num frame
FIGURE 1 - BASIC PLAN FOR RESIDENTIAL TEST BUILDING

determinations for the entire structure Table 1 and indicate that compliance with 90P would

shall include infiltration at the rate result in considerable decrease in both furnace
of no more than 0.7 air changes per and air-conditioner size from that required for a
hour for one and two-family dwellings.. poorly insulated residence. On the other hand, the
5.4.2 Humidity Control results also show that with readily available and
If an HVAC system is equipped with a relatively inexpensive insulation (R = 11 for walls
means for adding moisture, to maintain and R = 11 or 23 for ceilings) it is possible to
specific selected relative humidities in better the 90P requirements.

spaces or zones, an automatic, space- R P
P p The results shown in Table 11 are more significant

humidit trol devi hall b ided.
umedety contro evice sha © provide as they reflect the energy requirements of the

This device shall be capable of being set residential heating and cooling systems. Again,

to prevent new ener from being used to - _ _ - - -
P oy 9 there is considerable savings when complying with

roduce space relative humidity above _ S
p P y 90P over a poorly insulated structure and yet it is

20 percent RH. very possible to do even better with standard
In relation to the basic residential structure of materials on the market. Energy usage for a resi-

Figure 1, the 90P requirements for insulation would dence constructed in accordance with 90P would be

correspond to approximately 7 inches of glass- cut almost in half for heating and by one-third
fiber ceiling insulation but only 1/3 inch glass- for cooling compared with an uninsulated and non-
fiber wall insulation due to the use of double weatherstripped structure. Heating and cooling
glazed or storm windows and insulating sheathing. energy requirements could be cut additional 17%

R R and 5%, respectively, if nominal "full” insulation
The results of the load analysis are shown in ’ P y
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TABLE

CONSTRUCTION

Design Load, Btuh

ASHRAE Standard 90P
(Base)

0 Ceiling Insulation
0 Wall Insulation
1.5 AC/hr Infiltration

0 Ceiling Insulation
0 Wall Insulation
0.7 AC/hr Infiltration

0 Ceiling
3K wall
0.7 AC/hr

Insulation
Insulation (R=II)
Infiltration

2" Ceiling
3K wall
0.7 AC/hr

Insulation (R=7)
Insulation (R=I1)
Infiltration

4" Ceiling
3k wall
0.7 AC/hr

Insulation (R=11)
Insulation (R=I1)
Infiltration

7' Ceiling
3k Wall
0.7 AC/hr

Insulation (R=23)
Insulation (R=I11)
Infiltration

DESIGN CONDITIONS

H

I - EFFECT OF CONSTRUCTION ON RESIDENTIAL DESIGN LOADS

EATING COOLING

Design Load, Btuh

42,000 34,000
88,000 59,000
72,000 52,000
60,000 48,000
43,000 36,000
41,000 34,000
37,000 31,000

Location: St. Louis, Mo.
Outdoor: WINTER; 8°F db {97h% value)

SUMMER; 95°F db, 78 Fwb {2k% values)
Indoor: WINTER; 70°F db, 20% relative humidity

SUMMER; 78°F db, 65% relative humidity

were used in the walls.

ASHRAE Standard 90 ""does not incorporate specific
procedures for the operation, maintenance and use
of buildings.” Thus,

for indoor temperatures of 70°F in winter and 78°F

in summer, the thermostat could still be set at

other values. Since the outdoor design values
97 and 2%) are equalled or exceeded only 129
hours during the year, a system sized in accordance
with 90P would be able to maintain 75°F an esti-
mated 90+% Table 111

of the time. presents a

comparison of the fuel requirements for heating for

thermostat settings of 70°F and 75°F. For the

although the system is designed
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insulated cases shown, the averate savings in fuel

is about 2~% for each degree the thermostat is

lowered. Table 1V gives the effects of thermostat

settings of 78°F and 75°F on the cooling energy

requirements. For an insulated residence, the

average energy savings for cooling is about 5 per-

cent for each degree increase in thermostat setting.

5. CONCLUSIONS

In the time span of a few years, the majority of

states will probably have energy conservation laws

relating to building construction. It is impera-

tive that this legislation be based on more than

just good intentions. What is needed is an energy



TABLE Il -

CONSTRUCTION

Gallons

ASHRAE Standard 90P
(Base)

759

0 Ceiling Insulation
0 Wall Insulation
1.5 AC/hr Infiltration

1487

0 Ceiling Insulation
0 Wall Insulation
0.7 AC/hr Infiltration

1203

Insulation
Insulation (R=11)
Infiltration

0 Ceiling
3V Wall
0.7 AC/hr

1010

2" Ceiling
3" Wall
0.7 AC/hr

Insulation (R=7)
Insulation (R=11)
Infiltration

747

4" Ceiling
3n" wall
0.7 AC/hr

Insulation (R=Il)
Insulation (R=II)
Infiltration

687

7" Ceiling
Wall
0.7 AC/hr

Insulation (R=23)
Insulation (R=I11)
Infiltration

628

OPERATING CONDITIONS
Location: St. Louis, Mo.
Year: 1971 Hourly Weather Data
Indoor: WINTER; 70°F db, 20% rh
SUMMER; 78°F db
CAC-continuous fan operation

HEATING

standard which will eliminate the wasting of our

precious energy resources, but which is workable

and allows for creative engineering and architec-

ture. ASHRAE Standard 90 does provide a set of
criteria consistent with available technology and
materials which will

result in substantial energy

savings without being unduly restrictive.
6. POSTSCRIPT

On October 20, 1975,

presented, ASHRAE Standard 90-75 was officially

after the above paper was

released.

affect the results shown in this paper are:

@D
Indoor winter design conditions are now 72 F db
and 30 percent maximum relative humidity; and (2

an infiltration limit of 0.7 AC/hr is not speci-

fically required.

#2 Fuel
80% seasonal

Two changes over the 90P contents which
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HEATIN

oil:

139,000 Btu/gallon

EFFECT OF CONSTRUCTION ON RESIDENTIAL ENERGY REQUIREMENTS

COOLING
% Change Kw-hrs % Change
0 5424 0
+96 7232 +33
+58 7071 +30
+33 6617 +22
-2 5566 +3
-9 5342 -2
-17 5126 -5
COOLING

EER=6.84 Btuh/watt

efficiency (exc. main blower)
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TABLE 111 - EFFECT OF THERMOSTAT SETTING ON ENERGY REQUIREMENTS (HEATING)

— — >™INDOOR TEMPERATURE 70°F 75°F
CONSTRUCTION Gallons % Change Gal lons % Change
ASHRAE Standard 90P 759 0 873 +15

(Base)
4" Ceiling Insulation (R=Il)
3v® Wall Insulation (R=II) 687 -9 786 +4
0.7 AC/hr Infiltration
7" Ceiling Insulation (R=23)
3v® Wall Insulation (R=I1) 628 -17 715 -6
0.7 AC/hr Infiltration
OPERATING CONDITIONS HEATING
Location: St. Louis, Mo. #2 Fuel Oil: 139,000 Btu/gallon
Year: 1971 Hourly Weather Data 80% seasonal efficiency
CAC-continuous fan operation
TABLE IV - EFFECT OF THERMOSTAT SETTING ON ENERGY REQUIREMENTS (COOLING)
INDOOR TEMPERATURE 78 F 75 F
CONSTRUCTION Kw-hrs % Change Kw-hrs % Change
ASHRAE Standard 90P 5424 0 6472 +19
(Base)
4" Ceiling Insulation (R=Il)
3h" wall Insulation (R=II) 5342 -2 6279 +16
0.7 AC/hr Infiltration
7" Ceiling Insulation (R=23)
3V Wall Insulation (R=Il) 5126 -5 5981 +10
0.7 AC/hr Infiltration
OPERATING CONDITIONS COOLING
Location: St. Louis, Mo. EER=6.84 Btuh/watt
Year: 1971 Hourly Weather Data (exc. main blower)
CAC-continuous fan operation
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THE ENERGY CONSERVATION
OF MASTER METERING OF ELECTRIC SERVICE

IMPLICATIONS
IN APARTMENTS
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Abstract

A study has been made of the difference
included” apartments and those tenants who pay
influence owners”

"Electricity
bills." The factors which
service are discussed in detail.

Data taken from over 100 apartment buildings or complexes

in electricity usage between residents of

individual "light

and builders®™ choices of metering

in 10 major U.S.

metropolitan areas and from over 50 major electric power companies are used as

the basis for the reported results.
vert building service from master to
costs are presented.

Contractors estimates of the costs to con-
individual meter and some bases for these

The energy conservation potential which might be realized through nationwide

elimination of master metering

1. INTRODUCTION

The purpose of this report is to compare the electric
energy consumption in apartments which receive elec-
tricity through master meters with those which receive
electricity through individual meters. The report will

show the extent of residential master metering in 10
major U.S. cities and will discuss the factors influ-
encing the choice of master metering. It will also

give estimates of the national implication of the tar-

get city results.

The practice of master metering of electric service ©
apartments often allows the sale of electricity to a
building or complex at wholesale rates which are usu-
ally justified by the utility company by the require-
ment for only one meter, one reading, and one bill for
the sale of a large quantity of electricity. Further-
the electric utility company need not supply
distribution systems for the buildings. The
is individual meter-

more,
electrical
usual alternate metering practice
ing.

* References are listed at the end of

is discussed.

An early review of master metering and of attitudes
toward it was given by Neuhoff~* in 1965. The sub-
ject of master metering was addressed by the U.S.
Department of Housing and Urban Development as early
as 1962.2 in addition to these two published reports,
there are numerous anecdotal reports and unwritten
guidelines within the electric utility industry which
deal with the subject.

Master metering of residential space was relatively
rare until World War Il. Before that time most resi-
dential electrical service was delivered through an
individual meter for each dwelling unit or was un-
metered and sold for a flat monthly fee. It is not
clear just when or where the practice of master meter-
ing of residences began but some of the earlier master

metered apartment buildings were in Dallas, Texas,
about 1950.
The growth of master metering was rapid in the

1950°s as the rush to build apartments following World
War 11 produced local over supplies, which, in turn,
led to stronger competition for tenants.

this report.
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Apartment owners offered free moving of furniture,
and even "free" utilities to attract tenants.
Later, in the early 1960"s, many electric utility
companies began to feel the competition of Total
Energy systems which were being promoted by the
natural gas companies. They responded with pro-
motional rate schedules offering markedly reduced
electricity rates to large users, thus encouraging
the bulk purchase of energy for apartment com-
plexes. Costs per kilowatt hour under these pro-
motional schemes were as little as one-fourth the
prevailing rate for individual residences. As the
cost of electricity thus became nearly negligible,
many apartment and office operators took advantage
of the "All Utilities Included” marketing scheme.

The master metering concept has, on the surface,
elements of economic attraction for all partici-
pants. For the landlord or building owner, the
block rate structure for utility services appears
to offer the opportunity to purchase the same
amount of electricity as would be consumed by all
his tenants for less cost by his acting as a
single customer. For the utility, a master meter
installation reduces installation costs as well
as monthly meter reading costs. It seems like a
situation in which everyone benefits. However,
when individual tenants no longer have monthly
feedback and an economic incentive for conserva-
tion of electricity usage, their consumption usu-
ally increases. This extra consumption is held to
be common knowledge by some utility marketing per-
sonnel and reported ratios of consumption by
master metered versus individually metered custo-
mers range from 1.88 (Neuhoff?) to 1.33 (HUDM).
Utility company load planners use ratios of from
1.15 to 1.35 for planning load requirements for
master metered apartment buildings.

When utility company tariffs permit* a choice of
metering in an apartment building the choice is
usually made on the basis of a balance between
several factors. Among them are electrical wiring
costs and utility rate structures. These factors
are, In turn, affected by various other factors
discussed below.

Initial electrical wiring costs for an apartment
building depend on the choice of metering used as
well as on local building codes. Individual
metering requires separate electrical feeders to
each apartment, separate meter sockets, and
individual meters. In most cases, much of the
cost of distribution within the building is borne

*

Not all utilities permit master metering.

by the building owner. Master metering would
allow elimination of many of the separate items
needed for individual metering.

The share of cost of internal distribution which
must be borne by the builder and whether this cost
will be in favor of master or individual metering
depends on utility company policies which vary
widely.

Many utility companies offering service to groups
of apartments under general service rates make the
group service much less expensive than the total
cost of individual services. The greater this
difference, the more master metering IS encouraged.
The utility company can increase the spread between
commercial and residential (individual) rates to
encourage master metering if, for example, if pre-
fers to minimize the number of customers it must
deal with.

A comparison of average monthly electric bills
which might apply to apartments in the various
areas covered iIn this report is shown in Table 1.
The values shown include fuel adjustments but not
taxes and were effective at the end of 1974. The
bills would be somewhat smaller, of course, in
apartment houses where certain services such as
heating and air conditioning were supplied in such
a way as not to appear in the monthly electric
bill. Furthermore, the numbers, while showing the
expected cost per apartment for electric service,
are not meant to imply that the renter would be
paying this amount. The electric bill might be
included in the rent.

The master metered electric bills shown in Table 1
include approximately one-third higher usage which
has been found to apply to persons receiving elec-
tricity via master meters. Under these conditions
it should be noted that in only four of the ser-
vice areas shown is the average charge per customer
less under master metering than under individual
metering and in four other areas the average bill-
even with 100 apartments per meter is higher for
master metering than for individual metered ser-
vice.

The factors of wiring costs and utility rate struc-
tures influence the selection of master metering

service or individual metering service by apartment
builders and owners. However, the relative iImpor-
tance of these various factors has been undergoing

rapid changes during the past year. Utility costs

For example, Commonwealth Edison,

Company of Chicago, completely prohibits master metering for residential use
and greatly restricts it for office use.



have been rising rapidly with commercial rates
leading residential rates in the increases. The
gap between residential and commercial rates is
thus closing. Furthermore, the increased resis-
tance to rent increases often provided by rigid
rent controls has placed the owner or operator of
apartments in a severe profit squeeze.

2. METHODOLOGY
This section explains the assumptions made and the
various bases used for the calculations and con-
clusions presented in the report. The section
will also discuss methods of data collection and
processing.
2.1 ASSUMPTIONS
Preliminary and informal investigations prior to
the beginning of this study revealed that master
metering was a phenomenon found almost entirely
in urban areas. It was therefore assumed that any
energy consumption implications of the practice of
master metering would be adequately revealed and
evaluated from a study of urban buildings.

It is well-recognized that the entire collection
of factors which determine the energy consumption
by individual apartments or offices is too exten-
sive and variable to be considered seriously in a
comparison study. Certain factors however are
well-recognized as predominant. In addition to
the energy use habits of occupants, five factors--
location; physical attributes of the building;
heating, ventilating and air conditioning (HVAC)
equipment; size and number of dwelling units; and
the status of the occupants--are assumed to domi-
nate
These five factors were assumed to be sufficient
for the identification of pairs of matching apart-
ments. It was further assumed that if pairs of
apartments were matched as nearly as practicable
on the basis of these five points, then differ-
ences in use habits of the tenant would be re-
vealed by comparing the monthly consumptions of
electricity between the two apartments in each
pair.

2.2 SELECTION OF TARGET CITIES,
AND APARTMENTS

UTILITY COMPANIES

Table 11 shows a list of the U.S. Standard Metro-
politan Statistical Areas (SMSAs) studied. Some

information contained in the report was also ob-

tained in Kansas City, Missouri.

The urban areas studied were selected primarily by
size. The utility companies were chosen, somewhat
arbitrarily, with the intent of obtaining informa-
tion from the company which served the larger part

in determining the energy use of an apartment.
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of the principal city in the metropolitan area.
Apartment houses were chosen within the utility
trade areas on the basis of availability of owner
information and on the requirement that only
reasonably matched pairs of individual and master
metered buildings could be used. Instances of
metering conversion were identified by the utility
companies and were included in the study on the
basis of the owner®s or manager®s willingness to
cooperate with the study. After the selection of
apartment houses, individual apartments were se-
lected for inclusion in the study on the basis of
continuous occupancy for at least 12 months prior
to the collection of data. Various sizes of
apartments (i.e., number of bedrooms) in each com-
plex were sampled.

The method of selection of cities, apartment

buildings, apartments within buildings and utility
companies does introduce a potential bias in the
estimates. Such a potential bias is an inevitable

consequence of real world data collection.

2.3 DATA COLLECTION

Data collection for the study was performed through
correspondence with utility companies, public
utility commissions, and electrical contractors;
and through meetings with apartment owners and
managers, and with rate and load study personnel

of utility companies. We also examined kilowatt-
hour records of selected tenants.

The kilowatt-hour records for individually metered
apartments were obtained by fractional sampling of
the individual apartments in a building or complex.
The consumption information thus obtained was used
to estimate the usage for the entire complex. The
house meter consumption information which covers
all public areas, owner®s apartment, and other
electrical services not indicated by the individual
aparrment meters was supplied by the owners or
managers.

Energy consumption information on master metered
apartments was obtained either directly from
managers® or utility records.

Information on the comparison attributes of differ-
ent apartment complexes (such as types of heating
and cooling equipment, appliances and furnishings)
and information on the public facilities provided
(such as swimming pools), was obtained both by
interviews with the manager and by personal
spection of the facilities.

in-

When available, apartments where metering has been
coverted from master to individual or visa versa
provide an idealized form of matched pair. Weather
differences which might exist during the time



involved before and after the conversion process
and changes in the character of the apartment
operation after the conversion were considered in
these cases. The latter factor was avoided by
eliminating from the selection of apartments where
conversion was accompanied by rearrangement of
space and numbers of units. Weather effects were
considered through the use of records of degree
days heating and cooling during the years before
and after a conversion. This factor is discussed
below.

2.4 STATISTICAL DISCUSSION

Electric energy consumption in apartment buildings
is a complex function of many variables of which
metering technique is only one. Although this
function cannot be described mathematically, one
can attempt to hold all of the other variables
constant while varying only the metering tech-
nique and thus observe the relationship between
metering technique and electric energy consump-
tion. Aside from metering technique, it is
assumed that the five factors named above under
"assumptions” are significantly related to elec-
tric energy consumption in apartment buildings.
Other factors involved in electric energy consump-
tion in apartment buildings are assumed to be
either insignificant or to overlap with the Tfive
chosen comparison factors.

Table 111 shows a summary of the kilowatt-hour
consumption for the apartment complexes studied.
The statistical task at hand is the estimation of
the average ratio of master metered electricity
consumption per apartment per month (M) to indivi-
dually metered electricity consumption per apart-
ment per month (1).

Preferred computation of consumption ratio. The
nonrandom selection of the sources of these values
lends statistical preference”3 to the use of
Equation (1) for determining the ratio, Rg , of
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where = the consumption ratio Mn/In of

the nth pair

The use of Equation (1) gives a consumption ratio
which 1is weighted by the number of apartments
whereas Equation (2) gives a ratio weighted by the
number of buildings.

In the use of data from Table IIl to compute a con-
sumption ratio, R~ , by Equation (1) a problem
arises when the numbers of apartments in the two
members of the pair do not match--see, for example,
Philadelphia, where 279 master metered units must
be compared to a sample of 31 individually metered
units. In such cases the geometric mean of the two
sample numbers was used as a weighting factor. For
Philadelphia this method gives a weighting factor
of 93 ( 279 x 31 = 93)

The ratio of consumptions computed by using Equa-
tion (1) iIs Ri = 1.35 .

Alternate computation of consumption ratio. If it
is assumed that the values of average electric
energy consumption in Table IIl are statistically
valid for each city shown, one can estimate a ratio
of master to individually metered consumption which
is weighted by the actual extent of master metered
usage (number of master metered units and average
consumption per apartment unit for all units).

This ratio is of the form:

N
I NiEiri
i=1
Rs ®
I NiEi
i=I
where N-1 = the number of master metered apart-
ments in the #th city

EN = the average electric energy con-
sumption by an apartment (master

or individual) in the ith city

r-» = the ratio of electric energy con-
sumption by master metered versus
individually metered apartments
in the I city
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Application of Equation (3) to the data in Table
gives a consumption ratio of 1.37 which is inter-

estingly close to the ratio 1.35 obtained by Equa-
tion ).

v

The ratio of 1.35 obtained by Equation (1)
statistically preferred because it requires fewer
assumptions regarding the specific applicability
of the data to each city. A statistical analysis
of the reliability of this ratio was carried out
according to methods for "analysis of variance of
ratios” as described by Cochran.”~ This analysis
is more complicated than that of a single set of
data because of possible covariance between the
elements of data comprising the ratio. The com-
plete analysis yielded a variance of 0.005 which
indicates a standard deviation of about 0.07 (for
a mean value of 1.35 for the ratio).

is

In summary then, the mean ratio of master metered

to individually metered consumption is 1.35 0.07

(standard deviation). The 95% confidence limits on

the result are 1.21 and 1.49 which indicates that

there is only one chance in twenty that the excess

Eﬁnsumption by master metered tenants is lower than
%..

+

2.5 EXTENT OF MASTER METERING

A combination of methods was used to develop esti-
mates of the current extent of master metering
the target cities, and to estimate the national
extent of the practice. The methods combined
information obtained from utility companies with
data from the 1970 Census of Housing and from the
Institute of Real Estate Management.

in

utility company information pertains to the com-
pany"s own service area which is not always coin-
cident with the boundaries of the target SMSA.
Therefore, it was necessary to develop a method

of adapting utility company service and informa-
tion on the extent of master metering to the metro-
politan area boundary. In carrying out this adap-
tation it was assumed that (1) most of the multi-
family housing and most of the total residential
population served by the utility were both within
the urban portion of the utility"s services area,
and (@ that the multi-family housing was uniformly
distributed over the SMSA. Also the fact that the
urban portion of the utilities service area was all
within the SMSA for all target cities was used.
This fact and the two assumptions allow the exten-
sion of multi-family and master metering data for
the utility service area to the entire SMSA by use
of a simple multiplier. That multiplier is the
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ratio of SMSA population to utility service area
population. Table V shows the SMSA populations
(1970), the service area populations (1970) and
the population ratios used as multipliers for the
target cities.

The adaptation of utility company data on the ex-
tent of master metering to the SMSAs only provides
an estimate of the extent of master metering in
the SMSAs studied. The assumption that this esti-
mate 1is applicable to the entire nation requires
(D that the group of dwelling units covered is a
statistically valid sample of all U.S. dwelling
units, and (2) that the estimate agree qualita-
tively with estimates from other sources. Table
V1 shows the total numbers of dwelling units and
the numbers of dwelling units in multi-family
buildings in each target city (1970 Census of
Housing adjusted to 1974). It also shows the num-
bers of dwelling units served by master meters.

The statistical validity of the sample (Assumption
(1) above) is suggested by the facts that the
total sample size (15,782,087) is about 23% of all
U.S. dwelling units and that the sample is en-
tirely urban thus covering the areas where most
master metering is found. It is recognized, of
course, that complete statistical validity would
require a random sampling of all U.S. dwelling
units in all multi-family buildings--a task for
beyond the scope of this project and one of little
probable benefit over the present method.

The agreement of the extent of master metering
(29.5%) as measured in the present analysis with
that from other methods is very good (Requirement
(@ above). Analysis of data collected by the
Institute of Real Estate Management for 10 federal
regions® shows 31.5% master metering and analysis
of the 1970 Census of Housing shows 34.170 master
metering.

2.6 WEATHER EFFECTS

The weather contributes to variations in the
energy requirements in housing through changes
wet and dry bulb temperatures, wind velocities,
cloud cover, and solar effects. The year to year
variations iIn energy consumption caused by weather
changes must be considered in studying meter con-
version cases because of the time difference be-
tween measurement periods. Methods which are
available for precise calculations of the effect
of weather on heating and cooling energy needs of
dwellings require complete analysis of the con-
struction and use patterns of the building being
studied.

in



A simplified method, the so-called "degree-day
method,"™ makes approximate corrections for the
effect of temperature on heating and cooling
and is often used when, as in the present study,
the architectural and living habit
required by more complete methods is not avail-
able. This method is based on the assumption that
the annual heating and cooling requirements for a
building are nearly proportional to the number of
degree days* of heating and cooling occurring

each year. Table VIl shows the differences which
are estimated to have occurred in both heating and
cooling requirements between the master metered
period of operation and the individually metered
period of operation of the conversion cases. In
five of the cases shown, the heating requirements
were from 2 to 13% higher but the cooling require-
ments were from 11 to 27% lower during the master
metered operations.

loads

information

Since the data needed for a detailed analysis of
weather effects cannot be obtained and the degree
day method does not provide sufficient basis for
analytical correction of energy use records, the
results shown in Table VIl were used only to pro-
vide a subjective test of the conclusions regard-
ing energy use before and after meter conversion.
In all cases the cooling load was lower during the
master metered period. In two cases where elec-
tric heating was involved, the lowered cooling
load was found to outweigh the higher heating
load. Therefore, weather differences cannot ac-
count for the higher energy use during master
metering.

3. CONCLUSIONS
The conclusions presented here

of master metering
master metering

include the effects
in nine cities, the extent of
in multi-family housing in nine
cities and the factors influencing the choice of
metering. The information regarding the extent
and effects of master metering in multi-family
housing for the target cities is used to provide
an estimate of the national effect of master
metering. Confidence in the conclusions presented
is increased by the fact that information from
several sources is iIn agreement.

3.1 CONSUMPTION DIFFERENCES ASSOCIATED WITH
MASTER METERING

The annual kilowatt-hour consumption for a number
of apartment buildings and complexes in eight of
the target cities and in Kansas City, Missouri, Iis

* A degree day of heating (or cooling)

bulb temperature

shown in Table 1II. It is seen there that the
ratio of the consumption by master metered custo-
mers to that of individually metered customers

ranges from 1.08 to 2.69.

The average ratio of master to individually metered
consumptions for this group of apartments is 1.35
with a standard deviation of 0.07. There is thus,
only one chance in 20 that the waste by master
metered users is less than 20%.

Treatment of the individual cities with their
average residential electric consumptions and their
master metering extents and waste factors consid-
ered oh a city by city basis yields a slightly
different overall waste factor; namely 3770. While
the first factor, 35% is statistically preferable
as discussed in Section 2 (Methodology), the second
factor, 377, has the advantage of being responsive
to the city-to-city variations in extent and effect
of master metering and to the rate of electric
energy consumption in each city.

3.2 THE EXTENT OF MASTER METERING

The various Tactors used in determining the extent
of master metering practice in the target cities is
shown in Table VI. It can be seen that the extent
of master metering of multi-family housing ranges
from 18% to 77% in individual cities. For the
combined population of the target cities it was
found that 29.5% of all multi-family housing was
master metered. This value 1is consistent with
national estimates of 31.5% (obtained from IREM4
data for 10 federal regions) and of 34.1% (obtained
from state by state data from the 1970 Census of
Housing) (three or more units per building). It

is concluded that about one-third of all U.S.
multi-family housing units are master metered.

3.3 FACTORS AFFECTING THE CHOICE OF METERING
Initial wiring costs. An accurate evaluation®of
the difference of cost in apartment construction
which results from the choice between individual
and master metering would require preparation of
comparative bids for each building. This is usu-
ally not done. The decisions regarding the choice
between individual and master metering are usually
made before electrical wiring bids are prepared.
The best available estimates of the difference in
construction costs thus come from personal inter-
views with individuals in the electrical wiring
trade.

is 24 hr during which the average dry

is one degree below (or above) 65°F.
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Initial wiring cost differences obtained from such
interviews range from no cost difference in the
Los Angeles area to $250 per unit in Washington,
D.C. Kansas City contractors give values ranging
from about $125 to $250 higher per individually
metered apartment unit for both garden type and
high-rise apartments. One Kansas City estimate
which showed a range from $125 to $175 per unit
higher cost for individual metering was based on
a series of nearly identical, six-unit, garden
apartment buildings in which the individually
metered buildings cost from $750 to $1,000 higher
per six-unit building that their master metered
counterparts which were built at the same time.

In the Washington, D.C. area, one new building

of 250 units was estimated by its electrical con-
tractor to have cost approximately $50,000 ($200
per unit) higher because of its individually
metered construction. The most widely expressed
estimate is about $200 per unit nationwide.

Retrofit wiring costs. A factor which does not
apply to the initial choice of metering practice
in a building but which can influence an owners-
decision to convert to other metering styles is
the cost of retrofitting for a change in meter-
ing--a small cost if the change is from indivi-
dual to master metering. The costs of conversion
from master to individual metering are influenced
by several factors. First, those buildings which
have been wired at minimum cost during construc-
tion usually have apartments and building services
sharing feeder lines are more complicated to re-
wire for individual service. Second, older styles
of buildings in which the electrical wiring is
buried behind plaster or other permanent wall con-
struction are expensive to convert because of con-
sequent structural work and refinishing.

The wide range of conditions which prevail in
building prior to conversion causes the cost of
conversion to individual metering to range from
$100 to $1,200 per apartment unit. The costs of
electrical labor and parts differ little from
city to city so these conversion costs show no
geographic preference.

Retrofit costs in the $100 range apply to build-
ings in which the initial construction provided
separate feeder circuits to each apartment or
situations in which meter loops were originally
installed for each apartment and the conversion
only requires minor circuit changes and installa-
tion of the meter socket. The higher conversion
costs prevail in those apartments where minimum
cost, intial wiring was originally installed. In
such situations it is generally necessary to in-
stall new feeders to each apartment and to provide

a separate set of circuits for the public areas
of the building. It is also necessary to install
meter sockets and load centers for each unit.

It is concluded from conversations with apartment
owners that the cost of conversion is a major fac-
tor preventing more widespread conversion from
master metering to individual metering.

utility rate structures. Utility rates have been
used to attract customers to certain sectors of

the utility market. However, the results of the
present study show that the correlation between the
extent of master metered service and the rate
structure of utility companies is small. Table
VI11 compares the cost differences between general
service and residential services rates for apart-
ments with the extent of master metering in eight
cities. These data also are shown graphically in
Figure 1. 1t may be seen that two cities which
offer only a small rate advantage have the highest
fraction of multi-family units with master meter-
ing. The remaining six cities show a weak corre-
lation between rate advantage and the extent of
master metering for larger apartment buildings

(100 units). For all eight cities, the correlation
coefficient is -0.27 and for the six cities without
Washington, D.C., and Houston, Texas, the correla-
tion coefficient is 0.36. Neither correlation
indicates a significant effect of price differen-
tial on extent of master metering.

From this information it is concluded that utility
rate structures have a minor influence on the ex-
tent of master metering but that other factors
such as company promotional and marketing activi-
ties may override this influence.

The influence of public utility commissions on
master metering. Table IX shows a summary of the
rules and policies of state (and Washington, D.C.)
regulatory commissions on the subject of master
metering. None of the regulatory commission pro-
hibits the practice of master metering in multi-
family buildings. One state does prohibit it in
mobile home parks. Thirty-four of the states re-
porting (including Washington, D.C.) specifically
report having no regulation over master-metering
and four states have no state regulatory body with
jurisdiction over electric utilities. In some of
these states, municipal ordinances provide utility
regulation. At present, state regulatory commis-
sions exert no control over the practice of master
metering of electricity.



3.4 ENERGY CONSERVATION
METERING

IMPLICATIONS OF MASTER

It is shown above that about one-third of all
dwelling units in multi-family housing are master
metered. This fact coupled with census data and
information from apartment studies shows that
there are about 4,433,000 master metered apart-
ments in the U.S. The present study shows that
each of these apartments used about 5,940 kwh
(kilowatt-hours) of electric energy per year. It
these units were converted to individual metering
their consumption should decrease to about 4,400
kwh per year. The total saving during the next
year would be about 7 billion kwh--equivalent to
about 13 million barrels of oil. With present
growth rates of apartment buildings per capita
electric energy consumption the annual saving by
1990 would be about 14 billion kwh per year--
equivalent to about 26 million barrels of oil.
The cumulative saving by 1990 due to total conver-
sion in 1976 would be about 134 billion kwh--
equivalent to about 241.6 million barrels of oil.
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TABLE 1

EXPECTED COST PER APARTMENT FOR ELECTRIC SERVICE IN SELECTED CITIES (1974)*

Expected Cost per Apartment for 5, 50, and 100

Average Cost Apartments per Master Metered Apartment Building**

City and Company Individual Meter 5 Apartments 50 Apartments 100 Apartments
Los Angeles Department of Water $14.35 $17.28 $10.93 $ 9.29

and Power

Potomac Electric Power Company 21.75 35.80 26.33 25.66
Virginia Electric Power Company 20.84 31.13 19.80 17.60
Southern California Edison 16.85 20.99 20.66 20.66
Pacific Gas and Electric 11.40 14.98 14.98 14.98
West Penn Power Company 17.50 17.29 14.14 14.14
Duquesne Light Company 16.12 19.19 13.57 12.62
Philadelphia Electric Company 23.85 23.17 22.17 22.17
Houston Light and Power 19.66 25.43 18.25 18.25
Consolidated Edison 18.00 15.88 15.56 15.48
Boston Edison 17.07 21.48 19.31 19.31
Detroit Edison 18.37 13.26 9.31 9.16

* The amount shown is the cost (less taxes and plus fuel adjustments based on the 1974 data) for the
average amount of energy consumed per residence in each city listed and in the.various rate
situations shown (i.e., individually metered dwelling unit, or small, medium or large apartment
complex) where special winter rates are offered. The average of the summer and winter rates
were used in this table. The average residential consumption is based on utility company (F.P.C.
Form 1) data.

** The estimates used for apartments are based on evidence that master metered customers use one and
one-third times the energy used by individually metered customers.

TABLE 11

THE TARGET CITIES USED IN A STUDY OF
APARTMENT ENERGY USE

(Ordered by Population) 1970 SMSA
Target Cities (SMSA) Population
New York, New York 11,571,899
Los Angeles - Long Beach, California 7,032,075
Chicago, Illinois 6,978,947
Philadelphia, Pennsylvania - New Jersey 4,817,914
Detroit, Michigan 4,199,931
San Francisco - Oakland, California 3,109,519
Washington, D.C. 2,861,123
Boston, Massachusetts 2,753,700
Pittsburgh, Pennsylvania 2,401,245
Houston, Texas 1,985.031
Total 47,711,384
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City

Los Angeles

Philadelphia

Detroit

San Francisco

Washington,
D.C.

Boston

Pittsburgh

Kansas City

Houston

*

No. of
Units

20*

20*

o*

279

44

194

1,683*

172 of

296

76*

208

216

144

21*

20*

155

60

TABLE 111

RELATIVE ELECTRICITY CONSUMPTION OF MASTER METERED AND

INDIVIDUALLY METERED MULTI-FAMILY DWELLING UNITS

Consump-
tion/Apt/
Year, kwh
3,456
1,968
2,868
9,096
2,904
9,745
3,105
3,684
4,176
13,032
17,316
16,788
4,438
4,440
10,168
15,000
10,956

14,124

Metering service conversion.

Dates of
Metering

Jan
Dec
Jan
Dec
Jan
Dec
Nov
Oct
Jan
Dec
Jan
Dec
Nov
Oct
Jan
Dec
Jan
Dec
Jan
Dec
Jan
Dec
Jan
Dec
Jan
Dec
Jan
Dec
Jan
Dec
Jan
Dec
Jan
Dec
Jan
Dec

73
73
74
74
74
74
73
74
74
74
74
74
72
73
74
74
73
73
72
72
72
72
72
72
71
71
72
72
74
74
72
72
74
74
72
72
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No. of
Units

20

20

31 of
250
44
140
1,683
24 of
264
76
37
92
207
21

20

135

Consump-

tion/Apt/

Year, kwh
1,284
984
2,664
5,676
1,748
6,338
2,298
2,880
2,736
11,196
13,368
14,376
2,658
2,733
5,412
13,678
10,070

12,444

Dates of
Metering

Jan 74 -
Dec 74
Jan 72 -
Dec 72
Jan 72 -
Dec 72
Apr 74 -
May 75
Jan 74 -
Dec 74
Jan 74 -
Dec 74
Nov 69 -
Oct 70
Jan 74 -
Dec 74
Jan 74 -
Dec 74
Jan 72 -
Dec 72
Jan 72 -
Dec 72
Jan 72 -
Dec 72
May 73 -
May 74
May 73 -
May 74
Jan 74 -
Dec 74
Jan 72 -
Dec 72
Jan 69 -
Dec 69
Jan 72 -
Dec 72

Ratio of
Master to
Individually
Metered



TABLE 1V

CONSUMPTION RATIOS.* NUMBERS OF MASTER METERED APARTMENTS.
ELECTRIC ENERGY CONSUMPTIONS FOR APARTMENTS IN

City

Los Angeles,
Philadelphia,
Detroit,
San Francisco,
Washington,
Boston,

Houston, Texas

* Consumption ratio shown
consumptions for all apartments studied
** Average electric consumption
metered apartments studied

(ordered by population)
Target Cities (SMSA)

New York, New York

Los Angeles - Long Beach,
California

Chicago, Illinois

Philadelphia, Pennsylvania-
New Jersey

Detroit, Michigan

San Francisco - Oakland,
California

Washington, D.C.

Boston, Massachusetts
Pittsburgh, Pennsylvania
Houston, Texas

Total

California

Pennsylvania

Michigan

California

D.C.
Massachusetts

Consumption

is average ratio of master to

SEVEN MAJOR CITIES (1974)

Number of

Ratio* M-M Apartments su
2.11 166,880
1.60 169,065
1.57 54,651
1.35 33,550
1.33 342,750
1.16 63,671
1.13 140,573

individu
in each city.

is the average for all master and
in each city.

TABLE V

TARGET CITIES AND UTILITY COMPANIES

1970 SMSA
Population

11,571,899
7,032,075

6,978,947
4,817,914

4,199,931
3,109,519

2,861,123

2,753,700
2,401,245

1,985,031

47,711,384

Major Electric Utilities
Serving Target SMSAs

Consolidated Edison of New York

Los Angeles Department of Water and
Power, Southern California Edison

Commonwealth Edison Company

Philadelphia Electric Company

Detroit Edison Company
Pacific Gas and Electric Company

Potomac Power and Light, Virginia
Electric and Power Company

Boston Edison

Duquesne Light Company,
Power Company

Houston Lighting and Power Company

West Penn

AND AVERAGE

Average Electric Con

mption** kwh/vear

2,078
7,386
6,810
2,710
3,378
12,114
12,804

ally metered

individually

1970 Service

Area Population

8,614,000
2,854,739

*

2,826,178

3,608,600
5,062,096

1,357,907

1,601,559
*

1,849,044

* Service area population not developed for utilities not supplying extent data.
** PpPopulation ratio developed to adapt master metering extent data for utility service area to the SMSAs.

Source: Electrical

World, Director of Electric Utilities 1974-1975.
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Population**
Ratio

1.34
2.46

1.07



City Year
New York 1974
Los Angeles 1974
Chicago 1974
Philadelphia 1974
Detroit 1974
San Francisco 1974
Washington, D.C. 1974
Boston 1974
Houston 1974
Totals 1974

* San Francisco data were developed using Pacific Gas and Electric Co.

TABLE VI

EXTENT AND TRENDS IN MASTER METERING IN 10 CITIES

Total Number Number of No. of Units
of Dwelling Dwelling Units in M/M, M/F*-

Units In M/F Structures* Structures
3,982,298 2,331,815 837,500
2,583,354 922,426 166,880
2,358,971 899,157 0
1,592,667 338,130 169,065
1,360,097 273,255 54,651
1,203,324 421,543 33,550*
1,072,696 439,421 342,750
914,747 326,994 63,671
713,933 177,940 140,573
15,782,087 6,130,681 1,808,640

master metered multifamily units on their DM rate schedule.

** Percentages shown

+ Multifamily.
-H Master metered

Sources: Data from 1970 Census of Housing;

tion records.

Los Angeles

in totals row are computed from numbers

Data provided by utility companies.

TABLE VII

COMPARISON OF PERTINENT HEATING AND COOLING REQUIREMENTS FOR

San Francisco

Washington,

Pittsburgh

D.C.

MASTER METERED PERIOD OF OPERATION FOR CITIES

WHERE CONVERSION DATA WERE USED
(Estimated by degree days from Table V)

Heating Difference of
Master Metered Period
Compared to
Individually Metered

Percent of M/F
Which are M/M

36
18

0
50
20

8
78
19
79

29.5**

figures for only the number of

in totals row and not from percentage rows.

1974 values are adjusted from 1970 by demolition and construc-

Cooling Difference of
Master Metered Period
Compared to
Individually Metered

Case No. Period Period
1 none 26% lower
2 10% higher 177® lower
3 10% higher 17% lower
(no electric heating or cooling load)
2 2% higher 16% lower
3 (no electric heating load) 11% lower
4 (no electric heating load) 27% lower
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100 - LEGEND

90 - « = 5 Units por Meter

A = 50 Units per Meter

8 Washington, D.C. a
b O = 100 Units per Meter

70

Pittsburgh: No Extent Data Available

Chicago: No Residential Master Metering
60

Philadelphia
50] [ ad
40
=40 New York
30
L.A
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20 Detroit
m
n San Francisco
i | | |
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Differential Rate Incentive (dollarsAwh)
Figure 1 - Extent of Master Metering Versus Differential Rate Incentive
(Residential Minus Master Metered Rate) Dollars/KwH for 5, 50, and 100
Dwelling Units per Meter

TABLE VII1

COST DIFFERENCE (PER KILOWATT HOUR) BETWEEN RESIDENTIAL AND COM1ERCIAL
RATES AND THE EXTENT OF MASTER METERING IN EIGHT CITIES

Extent of
City utility 5-Unit* 50-Unit* 100-Unit* Master Metering
New York Consolidated Edison 0.0202 0.0210 0.0212 36%
Los Angeles Los Angeles Dept, of Water & Power (0.0089)** 0.0068 0.0116 26%
Philadelphia Philadelphia Electric Company 0.0100 0.0135 0.0138 50%
Detroit Detroit Edison 0.0270 0.0270 0.0270 17%
San Francisco Pacific Gas & Electric 0 0 0 8%
Washington, D.C. Potomac Electric Power Company (0.009)** 0.0005 0.0015 77%
Boston Boston Edison 0.0021 0.0058 0.0058 18%
Pittsburgh Duquesne Light Co. 0.0036 0.0126 0.0141 No Info
Houston Houston Light & Power 0.0005 0.0055 0.0055 79%

* The cost differences shown are the differences between the cost per kilowatt hour for average residential
consumption (in the corresponding city) under residential rates minus the applicable general service
rates for 5-, 50- and 100-unit master metered complexes.

** Residential cost less than 5-unit cost.
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TABLE IX

SUMMARY OF STATE REGULATORY COMMISSION RULES AND
POLICIES RELATED TO MASTER METERING

Category* Number of States in Category
Not allowed 0
Prohibited in mobile home parks 1
Al lowed 8
Discouraged 1
No regulation 34
No jurisdiction 4
No response 3

Explanation of categories: Each category is exclusive in that it represents the total status of regulation
in a state, e.g., discouraged means only that - it does not mean prohibited. The categories are:

Not allowed: Specific statements in correspondence with public utility regulatory officials indicate that
the regulatory agency prohibits a practice.

Allowed: Specific statements in correspondence with public utility regulatory officials or existence of
approved tariff fules for a utility in the state indicate that a practice is permitted.

Prohibited in mobile home parks: One state has a specific utility regulation which requires that each
ng unit (e.g., trailer) in a mobile home park be metered and receive its electricity from the
utility company serving the area.

Regulated: |Indicates that a practice (e.g., resale of electricity) is allowed but is subject to specific
rules and regulations. The reseller is usually treated as a public utility and subjected to utility
taxes, etc.

Discouraged: Specific statements in correspondence with public utility regulatory companies allow the
practice in question. This position is much weaker than "not allowed.”

No regulation: Specific statements in correspondence with public utility regulatory officials or a search
of their published "rules and regulations”™ indicates that the state does not have a law or regulation
pertaining to the item in question.

No jurisdiction: Specific statements in correspondence with public utility regulatory officials indicate
that the state does not exercise regulatory authority over electric utilities.

No response: No response could be obtained from the state utility regulatory agency even after a
followup letter.



SOLAR ASSISTED POWER SYSTEMS
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Abstract

Except for hydroelectric power, solar electric generation has not been widely used in the
past to assist power system generation because of its relatively high cost. This situation has
now started to change with the advent of the energy crisis as exemplified by decreasing
natural gas supplies and increasing fossil fuel prices. One possible response to this situation
which appears to have a relatively good chance for economic success is the utilization of
wind and solar thermal energy for space and water heating loads served by natural gas or
electric power. Unfortunately, a large portion of the energy collected in a typical solar
heating system is lost because the received solar energy is variable and, in most cases, is not
well correlated with collection site loads. This paper examines the feasibility of using the
excess energy available from solar heating systems for electric power production so that
power system peaking capacity and total fossil fuel consumption can be reduced. As solar
electric generation becomes larger, energy storage systems will be needed to assure power
system stability and reliability. At the solar collection site, thermal energy and chemical
storage units in battery form are preferred. For large central energy storage facilities
pumped hydro, compressed air, liquid ammonia, storage batteries, and liquid hydrogen
systems are possible choices. The liquid ammonia storage system is considered the best over-

all choice when pumped hydro or compressed air are not feasible.

INTRODUCTION

Although it is possible to produce electrical energy from wind
and solar radiation in substantial amounts, it still remains to
develop economically competitive schemes for generating,
storing, transporting, and utilizing this energy potential so
that critical fossil fuel utilization rates may be reduced. Al-
ready, natural gas supplies have started to decline, and soon
the energy needs served by this fuel will have to be shifted to
other energy sources. Natural gas loads that can be shifted in
some degree to solar energy include space heating and cooling,
hot water heating, electrical power generation, and ammonia
production. In response to higher fuel costs and in anticipa-
tion of the limited availability of natural gas, increasing num-

bers of solar energy heating and cooling systems are now being

47

installed in homes, schools, and office buildings on an experi-
mental basis. In addition, the installation of small wind tur-
bine generators is becoming more commonplace. Unfortunate-
ly, solar systems of this type are not attractive from an econom-
ic point of view for the following reasons. First, solar energy
collectors are expensive and require long term, high risk capi-
tal investment. Second, only a limited amount of collection
site, energy storage capacity is feasible because of size and
cost constraints. Third, a large fraction of the solar energy
collected is usually lost due to the poor correlation between
solar energy income and collection site load requirements.
Although advances in solar collector design may help to reduce
solar system energy costs in the future, it seems highly unlike-

ly that this reduction will be greater than 10% to 15% on a



relative basis. In view of this assessment, we feel that the
most potentially productive approach to the problem of im-
proving the economic position of distributed solar energy sys-
tems of this type lies in the storage and utilization of the solar
energy collected that would otherwise be lost. By doing this
we can help to reduce the cost of the collected solar energy
and at the same time save fossil fuel supplies while using this

excess energy to assist power system generation.
SOLAR POWER GENERATION

Although many different types of solar energy collection and
conversion schemes are feasible, only the two most economi-
cally competitive systems are discussed in this paper. First,

for wind energy collection and subsequent electrical genera-
tion, a horizontal axis wind turbine with a threshold wind speed
of 10 mph and rated wind speed of 22.4 mph will be employed.
Second, a rankine cycle heat engine generator using freon as

a working fluid and being driven by excess heat from a flat plate
solar collector will be used. A solar electric generation unit

of the type being considered is shown in Figure 1. In this sys-
tem some battery storage is included so that the solar electric
generation can be delivered to the power grid during the period
of peak load demand when other generation costs are high. In
some cases local collection site battery storage may not prove
feasible, and in this case all excess solar generation must be
delivered when available to the AC power grid as shown in
Figure 2. If the heat pump used for space heating and cooling
is coupled mechanically to the heat engine generator as shown
in Figure 2, then the induction motor used to drive the heat
pump compressor can also be used as the generator for the heat
engine.

In this way the heat engine can assist space cooling in

the most efficient manner and also deliver excess generation to

FIGURE 1. SOLAR ELECTRIC GENERATION SYSTEM
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FIGURE 2. ALTERNATE SOLAR ELECTRIC GENERATION

SYSTEM

the power grid through the same machine. Distributed solar
electric generation units like those shown in Figures 1 and 2 as
well as other electric generation make up what is called here a
solar assisted power system. A block diagram of this system is
shown in Figure 3. Included with this system is a peaking gen-
eration loop containing energy storage in the form of liquid
ammonia. Note that the system above the dashed line has the
flexibility to shift the production of ammonia fertilizer from

natural gas to electrical energy obtained from off-peak fossil,

FIGURE 3. SOLAR ASSISTED POWER SYSTEM



nuclear, or solar electric generation. If electrical energy is

used to produce ammonia, excess oxygen results. This oxygen
could be used to support a methanol production unit (shown in

Figure 3) provided a carbon source is available.

SOLAR ENERGY STORAGE

In most solar energy systems used for home heating and cooling,
hot water heating, and electrical power generation, it is not
practical to provide enough electrical or thermal energy storage
capacity at the collection site to provide for all of the excess
collectible solar energy. In order to utilize this excess energy,
we propose that it be converted into electrical energy and de-
livered to the power system. Once put into the power grid,

it can be used directly in electrical loads or stored in a cen-

tral power system energy storage facility for use at some later

time.

In recent years, solar energy storage schemes using hydrogen
in either gas or liquid form have been proposed for locations
where pumped hydro

or compressed air are not feasible. Hy-

drogen can be stored in the form of hydrogen gas, liquid hydro-

gen, metal hydrides, hydrazine, hydrogen peroxide, or ammo-

nia. Of all of these possibilities, hydrogen stored in the form
of liquid ammonia is the most promising considering storage and
safety problems associated with the others. Ammonia can be
stored as a liquid in metal tanks, such as those used for pro-
pane, at very moderate pressures over normal temperature ex-
tremes without difficulty. From a safety standpoint, however,
ammonia must be handled with care because it can cause
serious skin, eye, and lung burns. On the other hand, it is
routinely handled in the farm industry as a fertilizer and is
much less of a fire hazard than propane or natural gas. It can
be detected easily by smell at concentration levels as low as
5 to 50 ppm. It is very soluble in water and has flammability
limits in air that lie in the 16 to 27% range as compared with
5 to 15% for methane. Even so, it is felt that large storage
units containing ammonia in liquid form should be limited to
fixed plant operations where fewer people are involved and
safety precautions are routine. At the present time, ammonia
is produced by using natural gas as the feedstock. As the cost
of natural gas rises, the production of ammonia will probably
shift to oil or coal and then to electrical energy produced by

coal, uranium, or solar energy.

To illustrate why ammonia is considered to be a very advanta-

geous solar energy storage medium, the weight and volume
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energy densities of several fuels are compared in Tables 1 and
2. Of the non-fossil fuels listed in these tables, ammonia has
a definite advantage over other fuel storage mediums in terms
of the relative energy densities, except for the weight energy
density of hydrogen. Only in aircraft or space vehicles where
weight is a very important factor does the weight energy den-
sity advantage of hydrogen gas storage offset its low volume
energy density. Liquid hydrogen storage requires containers
capable of very low temperatures and also has unavoidable no
load losses. In order to compare the various electrical energy
storage techniques used with peaking generation systems,
Table 3 shows the weight and volume energy densities, oper-
ating conditions, life expectancy, efficiency, and estimated

yearly energy cost.

TABLE 1. WEIGHT ENERGY DENSITY AT STP
Fuel Formula Kcal/gram
Hydrogen H2(g) 28.7
Hydrogen H2 (<) 22.4
Methane CH4(g) 11.9
Heptane C7Hi«(*) 11.50
Propane C3H8<> 11.0
Ammonia n h 3(*) 4.45
Methanol CH30H((4) 3.61
Metal Hydride Mg2N iH4(s) .79

TABLE 2. VOLUME ENERGY DENSITY AT STP
UNLESS NOTED

Fuel Formula Kcallliter
Heptane 7230
Propane (150 psi) W > 5560
Methanol CH3O0H(4) 2860
Ammonia (150 psi) NH3(X) 2670
Metal Hydride Mg2NiH4(s) 1960
Hydrogen (-425 °F) h2P) 1570
Hydrogen (3000 psi) H2(g) 513
Methane CH4(g) 8.9
STP = 25 °C, 1atm



TABLE 3.

COMPARISON OF ENERGY STORAGE SYSTEMS USED

WITH PEAKING GENERATION SYSTEMS

Type Type Volume
of of Energy

Storage Peaking Density,

Medium Generator Kcal/Liter
Pumped Hydro Water Turbine .720
Compressed Air Gas Turbine 3.68
Natural Gas Gas Turbine 8.9
Liquid Hydrogen Gas Turbine 1570
Lead-Acid Battery Inverter 114
Liqguid Ammonia Gas Turbine 2670

NOTE:

Expected Operating Peaking
Life Conditions, Electrical Energy
Time, T=25°C Efficiency, Costs,
Yrs P =1 atm % Mils/kW h
40 600 ft Head 65 22
20 600 psi 42 47
20 15 psi 30 29
20 -425 °F 24 151
20 15 psi 60 105
20 150 psi 20 100

Storage is charged for 16 hr and discharged for 6.2 hr each day at a rate of 800 MW. Only

systems with known operational characteristics and costs are included in this list.

AMMONIA PRODUCTION TECHNIQUES

Ammonia production as currently carried on in the United
States depends on natural gas for both chemical feedstock and
process energy requirements. The process route is traditional

and consists of the following three steps:

(1) reforming of the natural gas with steam over a nickel
catalyst followed by the burning of air in the efflux
to introduce the required stoichiometric quantity of

nitrogen,

(2) conversion of carbon monoxide to carbon dioxide,
removal of the carbon dioxide, and reduction of the

residual carbon oxides to methane, and

(3)

compression and synthesis of the ammonia in a re-
cycle loop. In addition, the waste heat in the re-
former and the heat produced by air introduction are
used to raise high pressure superheated steam which
is used to drive the air compressor, the synthesis gas

compressor, and the refrigeration compressor, thus

holding the plant in energy balance.

If one has available hydrogen gas obtained from water elec-
trolysis, two possible processing routes for ammonia production

are possible.

(1) Air could be burned in the hydrogen atmosphere, the
consequent water removed, and the synthesis gas com-

pressed to the synthesis loop.
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In this approach, a methanation step might be required to re-
move carbon dioxide introduced with the air, or this might be
removed from the air prior to introduction. Only about 40%

of the capital investment of a natural gas fired ammonia plant

is required for a plant of this type.

(2) If electrical power is available, one could use it to
drive an air separation unit for nitrogen production.
This would produce pure nitrogen and oxygen by-

product. This nitrogen may be blended directly with
the hydrogen to form ammonia synthesis gas and sub-

sequent ammonia product.

The technology associated with operating an ammonia plant
that can utilize both hydrogen obtained from natural gas and
that obtained from water electrolysis in various ratios is not
new. COMINCO of Trail, B.C., Canada, has in past years
operated a plant of this type. Figure 4 shows a block diagram
of a facility capable of this type of operation. For agricultural
states, one important point to make here is the fact that one
need only add to an existing ammonia plant an electrolysis unit
and perhaps an air separator to make the facility serve both as
an ammonia production unit and as an electrical energy storage
unit. Figures 4, 5, and 6 show in block diagram the systems
associated with storage and reconversion of the electrical ener-
gy used for peaking generation, ammonia production, and
methanol production as shown above the power grid line in

Figure 3. The conversion of electrical energy to ammonia has



FIGURE 4. AMMONIA PRODUCTION AND STORAGE

FIGURE 5. AMMONIA BURNING GAS TURBINE

a typical thermal efficiency of 56.8%, the conversion of cel-

obtained in this system when ammonia is produced using water
lulose to methanol is nearly 45% efficient, and the practical

and electrical energy, must either be sold on the open market
limit on peaking turbine efficiency is about 35.6%. Ifa

or used in the ammonia plant.
methanol unit is not employed, the extra oxygen by-product
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THERMAL STORAGE
EFFICIENCY

44 .8%

FIGURE 6. METHANOL PRODUCTION UNIT

SOLAR ENERGY RECORDING

In order to control the peaking generator, ammonia production
unit, and fossil fuel generation units properly in a solar assisted
power system of the type discussed in the previous sections, one
must have useful and accurate solar energy density data at his
disposal. For this purpose the system shown in Figure 7 has
been designed and is nearly complete at the present time. A
digital AC/DC kilowatt hour meter having a capacity of about
one years data for each of the three types of solar collectors
shown has been designed and constructed. A picture of one of
these units is shown in Figure 8. For the silicon solar cell
unit, we have provided a simulated battery load which tracks
the cell's maximum power point. To compute energy the kWh
meter multiplies voltage times current digitally and then inte-
grates by summing this product each second. For the flat-plate
collector unit, one thermal electric generator is used to keep
the collector plate temperature and outside temperature dif-
ferential at some desired level, while the other thermal elec-
tric generator is used to measure the rate at which heat is being
pumped out of the flat-plate material. The solar thermal ener-
gy density in this case is measured by multiplying the open-
circuit voltage of the heat-flow measuring thermal electric
generator by a constant and summing this result each second to
compute the energy density collected. For wind energy den-
sity recording, a voltage proportional to the wind velocity
measured by a drag cup anemometer is cubed. This operation

gives a voltage proportional to ideal wind turbine power den-

sity that is integrated to get the wind energy density available

from an ideal wind turbine.

The rest of this recording system

involves the transmission of data received from the kWh meters

mentioned above to a teletype unit where at a selected time

interval the three energy density measurements along with

temperature, humidity, and time are recorded.
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FIGURE 7.
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ENERGY COST ANALYSIS

The following economic analysis shows the cost per kilowatt

hour for the electrical peaking energy delivered to the power

grid on the basis of capital costs alone.

At the end of this (10)

analysis an estimate of total peaking energy costs will be

given.

The assumptions under which these calculations are

tnade are listed below.

€]
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The peaking generator is rated at 100 MW and has
an average power output of 7.14 MW during peak

load operating period. 1)

An oxygen storage unit and electrolysis unit capable
of converting the solar electric input into hydrogen
and oxygen and storing the oxygen will be added

to an existing 1000 toiV'day ammonia plant.

The average power output of the solar electric gen- (12)

erators to the power system grid is equal to 77.14 (13)
1
MW during peak load period and 12 MW during off-

peak period.

The wind turbines used are two-blade horizontal axis
units with a capture area of 15 m” that deliver 2.4

KW in a 10 m/sec wind.

Each solar thermal collector contains an area of
100 m”, and has an efficiency of 50% at a AT =
100 °F. AIll are mounted with tilt angle equal to

the latitude angle facing south.

One-fourth of the total solar thermal energy col- (14)
lected is used for space and hot water heating while

the remainder is delivered to the power system via

the heat engine generators.

All of the wind generators supply energy to the

power grid via a battery driven inverter.

Solar thermal and wind generators are assumed to

have a 20-year average life time.

Collector, converter, and storage unit efficiencies

are given below:

(a) Solar flat-plate collector (AT = 100 °F) 50%

(b) Heat engine, ranking cycle (AT = 100 °F) 12%

(c) Ammonia production facility 73% (15)
(d) Peaker turbine generator 35%

(e) Wind turbine plus transmission 48%

(f) Electrical wind generator 85%
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(g) Ammonia storage 100%
(h) Battery and inverter 74%
(i) Methanol productionunit 45%

The solar thermal energy income per year per unit
collector area is equal to 1740 kWh/m~/Yr with clear
sky conditions at a tilt angle equal to the latitude
angle. Under typical weather conditi?\ns a yearly
average energy density of 870 kWh/mvYr is col-

lectible.

The wind energy income per year per unit collector
area is approximately 148 kWh/m~/Yr for conditions
where the average value of the wind velocity cubed
is 527 (mph)3 and the resulting average power density

is 16.8 W/m2.
All of the oxygen generated will be used internally.

Capital costs for collectors, converters, and storage

units are as follows:

(a) Solar flat plate collectors 54 fIS/m2
(b) Heat engine generatorunits 250 $/hp
(c) Oxygen storage units 1$Acf
(d) Gas turbine generator 200 $/kW
(e) Hot water storage 27

(f) Wind electric generator units 400 $AW
(g) Rotary inverter units 200 $/kwW
(h) Electrolysis units 360 $/kW

The capital cost of the collected solar thermal energy

per collector unit is calculated below:

(a) Heat engine generation delivered

to the power grid 57,942 kWh
(b) Heat energy to thermal storage 217.500 kWh
(c) Total energy used 275.500 kwWh
(d) Cost of solar collectors $5400
(e) Cost of heat engine unit $1000
(f) Cost of thermal storage $2700
(g) Total unit cost $9100
(h) Capital cost per unit energy for

home heating and electrical

energy output .033 $AWh

The capital cost of collected solar wind energy is
calculated below:

$960.00
$810.00

(a) Wind turbine generator

(b)

Batteries and inverter



(c) $1770.00

Total system cost

(d) Total energy collected 13,405 kWh
(e) Capital costof wind electric
generation A32%$/kW h

In order to have peaking energy storage and peaking generation
capability along with the option of generating ammonia ferti-
lizer using off-peak fossil, nuclear, and solar generation, a
system like the one shown in Figures 9 and 10 is needed.
Typical average operating conditions are indicated for the
peak and off-peak load periods specified. In this system an
electrolysis unit, peaker turbine, and oxygen storage facili-
ties are installed at an existing 1000 T/D natural gas ammonia
plant. During off-peak load periods part of the ammonia is
produced using electrical energy and water as feedstock under
conditions of reduced natural gas input. During the peak load
period the electrolysis unit is run at a level just high enough
to keep the temperature in the electrolyte at an operating

level.

FIGURE 9.
OFF-PEAK LOAD PERIOD

The peaker turbine is operated as needed using ammonia

54

or a natural gas ammonia mixture as the fuel. To get some idea
of the cost of peaking power for the operating modes shown in
Figures 9 and 10, the following analysis is presented based on

capital costs plus fuel costs only.

ECONOMIC ANALYSIS

1)

Average cost of solar generation

storage input .040 $AWh
(2) Off-peak solar energy storage

per day 120,000 kWh
(3) Cost of stored solar generation

per day $4800
(4) Cost of off-peak fossil and

nuclear input .010 $Awh
(5) Off-peak fossil and nuclear

energy storage per day 380,000 kWh
(6) Cost of stored fossil and

nuclear generation per day $3800

SOLAR ASSISTED POWER SYSTEM SHOWING AVERAGE OPERATING CONDITIONS DURING



)
®
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FIGURE 10. SOLAR ASSISTED POWER SYSTEM SHOWING AVERAGE OPERATING CONDITIONS

DURING PEAK LOAD PERIOD

Cost of oxygen storage per day $ 241
Cost of peaker turbine per day $2740
Cost of electrolysis unit per day $2465
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(10) Peaking energy delivered per day

(|D Cost of delivered peaking energy

100,000 kWh

.14 $AWh



(1)

(2)

(3)

4)

(5)

(6)
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ENERGY CONVERSION AND RESOURCE MANAGEMENT

M. J. Hanshaw and J. L. Gaddy
Department of Chemical Engineering
University of Missouri-Rolla
Rolla, Missouri 65401

The United States has 5 percent of the energy conversions are usually incomplete
world"s population, yet consumes 35 per- with losses resulting from formation of
cent of the total energy. This statistic undesired forms of energy. The degree of
reflects the availability of unlimited and completion of an energy conversion can be
cheap energy that has been enjoyed in this expressed by an efficiency, e, defined as
country. Unfortunately, this energy has the net energy available in the desired
been provided without much regard for the form, divided by the total energy avail-
future, so that plentiful and cheap energy able before conversion. Table 1 also
may not be possible much longer. A care- lists typical conversion efficiencies for
fully formulated energy policy will be several processes. For example, 88 per-
required to manage our remaining natural cent of the chemical energy available in
resources wisely and extend their lon- coal can be converted to thermal energy
gevity until other sources of energy can as steam in a boiler; the remainder being
be developed. lost in the flue gases.
There are five basic forms of energy: Direct conversion of the energy resource
chemical, thermal, electrical, mechanical into the desired form is not frequently
and radiant. Energy is consumed prima- possible; and several conversion steps
rily in the thermal, electrical and may be required. Table Il lists the con-
mechanical forms. However, the source of version steps required to derive electric-
almost all of our energy is chemical ity, heat and transportation from chemical
(petroleum or coal); so that conversions energy sources. The efficiency of com-
of chemical energy are necessary steps binatorial energy conversions is given by
in our energy economy. Equation (1):

1. ENERGY CONVERSIONS N
Considering the five basic energy forms, E = ﬂh ei @
there are twenty-five possible energy
conversion steps. Ten of the most common where E = net conversion efficiency

conversions are shown in Table I. Single e = efficiency for step i
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For example, electricity is generated from
chemical energy by making these conver-
sions: chem*therm(boiler) , therm*mech
(turbine) and mech*elec (generator) .

Using Equation (1) and the data from

Table 1, the efficiency, E, of this con-
version is: (.88) (.45) (.99) = .39.

Electricity, space heating and transporta-
tion represent the largest individual uses
of energy in this country. Table Il gives
the efficiencies of several processes for
producing energy for these requirements.
It is distressing to realize that the
overall efficiency of our utilization of
chemical energy for the above uses is

only about 35 percent, not including
losses in the transportation of energy
(compared to an overall efficiency of 50
percent (2)). This poor efficiency sug-
gests an examination of our conversion
practices in developing an energy policy
for the future.

It is interesting to observe from Table

Il that the fuel cell offers a means of
about doubling the efficiency of electric-
ity generation and motive power. Also,
direct combustion is more efficient in
providing space heat than the electric
furnace. The gasoline pwoered automobile
is slightly less efficient than a battery
driven car, powered by electricity
generated from the same gasoline.

2. RESERVES OF CHEMICAL ENERGY

Decisions as to the prudent use of our
chemical energy resources cannot be made
without reference to the reserve of

these resources. It would not be wise

for example, to use gas for space heating
when out natural gas reserves are rapidly
dwindling. Table 111 presents the proven
recoverable reserves of our chemical
energy resources. The life of these
reserves can be estimated by Equation (2):
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_ R
A=c (2)
where A = availability of reserves, yrs.
R = current quantity of proven
reserve
C = annual rate of consumption

of reserve

This availability is different from the
usual representation of the life of
resources which is computed from the
current production, rather than the con-
sumption. While it is recognized that
both R and C change with time, probably
increasing, it is assumed that these
changes are offsetting so that the
measured availability is realistic. Table
111 shows that our current reserves of
petroleum would last only 5-11 years if
all the demand were supplied by domestic
production, while coal would last 275
years.

3. INTRINSIC ENERGY CONVERSIONS

The data of Table 11l show the heavy
dependence that must be placed on coal
in the future. There is incentive to
convert coal into gas and oil more
desirable energy forms. These are in-
trinsic conversions of one form of chem-
ical energy to another form of chemical
energy. These conversions are for con-
venience, i.e., it is more convenient to
burn gas in home furnaces than to stoke
coal.

Intrinsic energy conversions consume
energy, resulting in a reduction of the
efficiency of the converison. Table 1V
lists several intrinsic chem chem energy
transformations, along with their
efficiencies. These efficiencies should
be influential in establishing a wise
allocation of our resources.



4. A RATIONAL ENERGY POLICY

The availability of an energy reserve,
calculated by Equation (2), is not an
effective measure of the expected life

of that resource, since neither the demand
nor efficiency of utilization is included.
A better measure is to consider the annual
quantity of a resource allocated to a
certain need, calculated as:

RA x 100 3
®E ®@
where RA = resource allocation, %/yr.

D = current annual demand for
a particular form of
energy (output)

E = efficiency of converting
resource into the energy
form used

For example, the demand in 1975 for

space heating is 6.1 x 101” BTU (output/
yr. (input reported as 12.2 x 05 BTU
(1,5,11)). If this energy requirement is
provided by gas, the resource allocation,
RA is:

6.1 x 1015 x 100
(237 x 1015)(.5)

5. 2%/yr.

Of course, it is unreasonable to assume
that all of a certain demand will be met
from a single energy source. The equa-
tion can accommodate the use of a frac-
tion of demand to be allocated to a
particular resource. Allocations to
supply the space heating, electricity
generation and transportation needs are
given in Table V.

4.1 SPACE HEATING

From Table 11, the most efficient means

of providing space heating is by direct

combustion of oil, gas or coal. To use

either gas or oil for this purpose would
deplete these reserves at the rate of
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about 5-6 percent per year. Therefore,
coal should be the fuel allocated for this
need. However, the use of coal for heating
individual homes is certainly undesirable.

Space heating would be provided by elec-
tricity generated from coal with an overall
efficiency of 39 percent and a coal alloca-
tion for heating of .4 percent per year.
Coal can be converted to gas to provide
space heating with an efficiency of 32 per-
cent and an allocation of .5 percent per
year. Obviously, there is little incentive
to develop coal gasification for providing
the requirement of space heating.* Our
energy policy should clearly be directed
towards provision of heating with elec-
tricity generated from coal or nuclear
energy. This policy, of course, necessi-
tates the solution of the S02 stack gas
problem.

4.2 TRANSPORTATION

The output energy demand for transportation
in 1975 is 4.4 x 1015 BTU (input reported
at 17.6 x 10~ BTU (5,11)). Continued use
of oil for transportation will deplete our
reserves by about 9 percent per year. Con-
version of coal to oil would yield an over-
all transportaiton efficiency of only 20
percent. However, generation of elec-
tricity with coal and the use of a battery
powered auto yields an efficiency of 26
percent with a coal allocation of .4 per-
cent per year. Clearly, an energy policy
should favor the electric car and develop-
ment of suitable batteries should be pur-
sued virorously. Electric cars also are
environmentally desirable, providing the
environmental problems at the generating
stations and coal mines can be solved.
*This comparison of heating with SNG and
electricity has neglected the transporta-
tion aspects; however, the results would be
little altered since the efficiency of

transporting gas and electricity are about
the same.



4.3 ELECTRICITY

The demand for electricity in 1975 will
be about 6.1 x 1015 BTU (1). Reviewing
the allocations of fuels for generating
electricity given in Table V, it is seen
that 7 to 8 percent of our petroleum
would be consumed annually if used to
generate electricity, while only .4 per-
cent of the coal would be used. Coal
must be allocated as the hydrocarbon fuel
for electricity, and gas and oil should
be phased out for this usage.

The conclusion of the above analysis is
that, for maximum efficiency and resource
conservation, an electrical energy
economy should be pursued. Electricity
can be generated from coal, nuclear or
renewable energy sources. An electric
energy economy is not possible without
the development of new or improved
technology for storage batteries,
ronmental protection and
mission .

envi-
energy trans-

5. COAL RESERVES

An economy, totally dependent upon coal
as a source of energy, 1is not an alto-
gether wise policy. Adding the alloca-
tions of coal for heating, trnasportation
and electricity in Table V, it is found
that 1.2 percent of our coal will be
consumed annually. This allows only an
83 year life of our coal reserves.
However, this life should be adequate
for the full development of renewable
energy sources or the breeder reactor.

Consider the achievement of energy
sufficiency utilizing gas and oil from
coal, by 1985, about the earliest date
this technology will be available. The-
shortage of natural gas will amount to

8 x 10 BTU annually (12). Should these
shortages be made up by gas and oil
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produced from coal, the availability of
coal reduces to about 40 years. So coal
is certainly not unlimited and this re-
source should be managed wisely to insure
its longevity.

6. PETROCHEMICAL NEEDS

Our society is dependent upon the petro-
chemicals derived from oil and gas. Plas-
tics, synthetic fertilizer, pharmaceuticals
and many hundreds of other products come
from oil and gas. While we have alterna-
tive sources of energy, there are few
alternative sources of carbon for petro-
chemicals. O0il and gas can no longer be
used as a source of energy and particularly
as a source of heat.

The demand for chemical feedstocks is
currently about 10 percent of our total
energy usage (5,13). If petroleum were
reserved solely for petrochemical needs,
(and aircraft transport) the availability
of oil and gas could be lengthened to only
46 years, not a particularly bright future.
Each year of continued use of petroleum
for energy, shortens the time until alterna-
tive sources of chemical feedstocks must
be developed. Oil from shale and tar
sands (although more expensive) will un-
doubtedly lengthen this horizon, but con-
tinued hesitation to implement a policy of
conservation will hasten the day of total
depletion.

7. CONCLUSIONS

The most efficient use of our
chemical energy resources can
by development of an electric energy
economy. This transition cannot be made
immediately and without technological
advancement in electric cars and environ-
mental protection at the generating
stations and coal mining facilities.
ever,

remaining
be achieved

How-
this technology is perhaps more



rapidly achieved than coal gasification,
nuclear fusion or solar energy storage.

Coal gasification and liquefaction are
inefficient and offer no advantage over
electricity generation with coal. In
fact, the efficiency of coal conversion
processes must be above 80 percent before
becoming competitive with electricity.
Petroleum should not be depended upon as
a source of energy and should be reserved
for petrochemicals.

For a fifty year horizon,
emerges as follows:
1) Encourage generation of electricity

an energy policy

with coal, even at the expense of increased

SC2 emissions. Accelerate development of
stack gas scrubbing and coal mining pro-
cedures. Develop uses for waste heat at
generating plants.

2) Offer incentives for electrical space
heating. Phase out generation of elec-
tricity and heating with petroleum.

3) Accelerate the development of advanced
storage batteries and fuel cells.

4 Develop efficient urban mass transit
systems based on electric power.

5 Continue development of renewable
sources of energy and implement their

use as economics permit.

the transition from a
economy to a coal-
electric economy could not and should not
be immediate nor complete. Time is re-
quired to replace refineries with power
plants, internal combustion engines with
batteries, gas furnaces with electric,
etc. Some uses of petroleum for energy

Quite obviously,
petroleum energy

will be necessary for many years (aviation).

However, unless the transition is begun
soon, heavier dependence upon imported
energy and petrochemicals will result;
and energy sufficiency will be impossible
in the near future.

61

e

10.

11.

12.

13.

8. LITERATURE
Hammond, A. L., W. D. Metz and T. H.

Haugh, Energy and the Future, Am.
Assoc, for Adv. of Science, Wash.,
D.C., 1973.

Cook, Earl, "The Flow of Energy in an
Industrial Society", Scientific Am.,

224 .3, 135, 1971.

"Pocket Data on EXXON and the Oil
Industry", Exxon Co., Houston, Texas,
1975.

Hottel, H. C., "Challenges in Produc-

tion of Fossil Fuels™, Chem. Eng.
Prog., 69.6, 35, 1973.
"Energy Outlook, 1975-1990", Exxon Co.,

Houston, Texas, 1975.
"Gas from Coal-Fuel of the Future",
Environmental Sci. Tech., 5.12, 1178,

1971.

Kunchal, S. K., "Energy Requirements
in an Oil Shale Industry Based on the
Paraho Process", presented before the

170th ACS National Meeting, Chicago,
April,b1975.

Yavorsky, P. M., S. Akhtar and S.
Freidman, "Converting Coal into Non-
Polluting Fuel 0il", Chem. Eng. Prog.,
69.3, 51, 1973.

Dutkiewicz, B. and P. H. Spitz, "Pro-

ducing SNG from Crude Oil and Naphtha",
Chem. Eng. Prog., 68.12, 45, 1972.

Gibson,
buster™,

"Brunei"s LNG Block-
Eng., 80.11, 112, 1973.

Hirst, E. and J. C. Moyers, "Effi-
ciency of Energy Use in the United
States', Science, 179, 1299, 1973.

Colin,
Chem.

"The National Energy Outlook™, Shell

Oil Co., Houston, Texas, 1973.

"Toward a National Energy Policy",
Environmental Sci. Tech., 7.5, 392,
TSTT.



TABLE

ENERGY CONVERSION

CHEM+THERM

THERM+MECH
MECH+ELEC

ELEC-41ECH

ELEC+RADIANT

ELEC"CHEM

CHEM*ELEC

RAD+ELEC

THER+ELEC

THER+MECH

ELEC+THER

*

PROCESS
BOILER
HOME FURNACE
STEAM TURBINE
GENERATOR
MOTOR-SMALL

LARGE

INCADESCENT LAMP
FLOURESCENT LAMP
GAS LASER
STORAGE BATTERY
DRY CELL BATTERY
FUEL CELL
SOLAR CELL
THERMOCOUPLE
GAS TURBINE

AUTO ENGINE

RESISTANCE HEATER

DIRECT ENERGY CONVERSION EFFICIENCIES”

CONVERSION EFFICIENCY (%)
88
50*
45
99
62

92

20
40
72
92
60

10

35
25

100

Home furnaces rated as high as 75 percent, but applied efficiency

usually 35-50 percent. (1)
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TABLE II.

COMBINED ENERGY CONVERSIONS

REQUIRENENT EXAVPLE ENERGY CONVERSION COMBINED
PROCESSES EFFICIENCY
ELECTRICITY POWER PLANT CHEMH+THERM->MECH+ELEC 39
GAS TURBINE CHEM(GASHHERNhMECH+ELEC 2
GENERATOR
FUEL CELL CHEM+ELEC 60
SPACE HEATING ELECTRIC FURNACE chen-therm#mech+elecvthern 39
GAS, OIL OR COAL CHEM+THERM 50
FURNACE
TRANSPORTAT ION INTERNAL COMB. ENG.  CHEM(OILMHERM+MECH 25
BATTERY POWERED CHEMVTHERWM+MECH+ELEC+CHEM+ELEC+MECH 26
FUEL CELL CHENKELEC+MECH 55
TABLE 11I.. AVAILABILITY OF U.S. CHEMICAL ENERGY RESERVES
CHEMICAL ENERGY  PROVEN RECOVERABLE ~ CONSUWPTION, ¢ AVAILABILITY
FORM RESERVES, RJO15BTU 1015 BTU/YR YRS
GAS 237 23 u
oIL 204* 8 >
COAL 4400 16 275

Exxon Data (3)

**Hottel (4), conservative estimate

Exxon Data (5)
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TABLE IV. EFFICIENCIES OF TYPICAL CHEMICAL-CHEMICAL CONVERSIONS

PROCESS EFFICIENCY REFERENCE
COAL-GAS 64 (average) 6.7)
COAL+O0IL 80 ©
OIL+GAS 90 (8)
GAS+LNG 80 (10)

TABLE V. ALLOCATION OF U.S. CHEMICAL ENERGY RESERVES

ALLOCATION, RA, %/YR

CHEMICAL
ENERGY SPACE
FORM ENERGY PROCESS HEATING TRANSPORTATION ELECTRICITY
GAS 5.2 - 6.6
OIL 6.0 8.7 7.7
COAL COAL+HEAT 3 - 4
COAL-GAS+HEAT .5 - -
COAL+OIL-MECH - . .5 .-
COAL-ELEC+MECH - 4 -
COAL+ELEC+HEAT A4 - -
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Abstract

Energy consumption
the United States
on oil

_is rapidly increasing throughout the world and
¥ is no exception. 0
imports have focused on utilization of our coal resources.

Efforts to reduce the dependence

This paper examines various coal conversion processes and presents a
method for evaluating their contribution to energy production.

1. INTRODUCTION

Demand for energy in all forms is rapidly

increasing. The United States gas and oil
consumption over the past 20 years is rep-
resentative of this increase and is shown

in Figure 1.

This increased demand in the face of a
limited supply has been one of the factors
driving up the cost of both gas and oil.
Despite the great increase in both the
amount of gas and oil used and its high
cost, there are large reserves of coal
this country that remain relatively un-
tapped as energy sources.

in

One of the major reasons for this lack of
interest in coal is the Clean Air Amend-
ment Act of 1970. The Environmental Pro-
tection Agency suggested ambient standards
for sulfuroxide content in the air, and
these were incorporated into the Clean Air
Act in 1970. The primary standards (i.e.
health related standards) set by the 1970
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Amendment specified an annual mean output
of 80 milligrams of SOx per cubic meter
and a maximum output of 365 milligrams per
cubic meter for twenty-four hours. These
standards have often posed problems for
facilities with conventional coal-fired
boilers.

One way of meeting these standards is by
burning low sulfur coal. However, domes-
tic reserves of low sulfur coal are ex-
tremely limited. Another alternative is
stack scrubbing. Much advancement has
been made in this technology, to the point
where the Environmental Protection Agency
is recommending the use of scrubbers as a
solution to the pollution problems of
utility companies. However, in the opin-
ion of Donald Cook, Chairman of American
Electric Power Company, the work has not
yet reached optimum costs, reliability,
and feasibility.



A third alternate
high sulfur coal
Gas.
which

is to convert existing
into a Synthetic Natural
This alternate provides clean fuel
is acceptable within air quality
regulations and standards. There is an
additional benefit from such a conversion
in that it may help close the gap in nat-
ural gas supply and demand. Figure 2
represents the sources of U.S. natural gas
supply and illustrates the need for a fuel
source to replace shrinking domestic pro-
duction .

Coal gasification is being studied world-
wide and the importance and urgency of the
research is becoming increasingly evident.
As stated by Dr. Abbas Fallah (lran),
Hormoz Petroleum Co.:
" __.petroleum is a raw material
too valuable to be burnt for its
destined use as feedstock for
chemical and petrochemical indus-
tries... We should immediately
devote full attention to develop-
ment of new technologies for coal
gasification/liquifaction.."
From the study of the gasification and
desulfurization of coal, many different
processes have emerged. Each of these
processes has singular characteristics,
advantages, and disadvantages. There are
four classifications of coal conversion
processes: pyrolysis, solvation, hydroge-
nation, and production of synthesis gas.
Nearly thirty processes have been devel-
oped within these categories.

The purpose of this paper is to present a
structured comparison of coal conversion
processes. This comparison will take into
account not only the quantitative charac-
teristics of the process, but also the
qualitative factors that could affect the
success of the conversion of coal to a
clean, convenient fuel or to a synthetic
feedstock.

There are three distinct types of process
characteristics which are involved in the
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comparison. These are as follows:

(1) Operating costs and revenues
(2) Process efficiencies
(3 Qualitative desirability factors

The first two of the above items are self-

explanatory. The third item consists of
investigating and comparing such things
as:

(1) Sensitivity to product prices

(2) Public acceptance

(3) Labor requirements

(4) Etc.

This paper uses a structured evaluation

model to compare existing coal conversion
processes and illustrates how a more
depth process comparison can be made.

2. DISCUSSION

2.1 PREVIOUS DEVELOPMENTS IN COAL
PROCESSING

in-

The first gas was made commercially from
coal in the nineteenth century. This gas
was produced by heating coal in the ab-
sence of air. Before being replaced by
electricity late in the century, this gas
was used for lighting cities, homes, and
buildings. Afterwards, it was primarily
used for cooking.(1) One by one, markets
for both coal and gas made from coal dis-
appeared as natural gas became more avail-
able .

Many companies worked on coal gasification
during the mid-twentieth century, but most
of these companies ran into problems which
proved either insurmountable or uneconom-
ical to solve. As natural gas shortages
evolved, interest in coal conversion has
awakened with renewed vigor as scientists
strive to discover relief from the energy
shortage.



2.2 DESCRIPTION OF COAL CONVERSION
PROCESSES

Many types of coal conversion processes
have been studied. Some of the processes
have many variations, such as the number
of stages, the temperatures, and the
pressures of operation.

Scientists have succeeded in producing a
synthetic natural gas from coal and have
developed methods of refining the gases
produced in certain of the conversion pro-
cesses into methane. Figure 3 represents
steps involved in gasification. Other
conversion processes using coal as a raw
material, result in the formation of syn-
thetic crude oils which are suitable re-
finery feedstocks.

2.2.1 Processes Used in the Production of
Synthetic Natural Gas

The following processes include all of the
basic technology; however, some variations
which have been made on certain processes

were eliminated to prevent repetition.

Pyrolysis reactor of Garrett Research and
Development Co. This experimental system
included a one-inch diameter by eleven-
foot reactor, coal feeder, product collec-
tion equipment, and gas sampling appara-
tus. The reaction temperature ranged up-
ward from 1,500°F (below the ash-softening
temperature of the char), and heat was
supplied by electricity. Sub-bituminous
coal (<200 mesh) was fed horizontally to
the reactor then transported upward in
dilute phase with nitrogen. Each run took
about four hours. A filter bag and water
cooled condensers were used to remove the
tar. Product char was removed by cy-
clones . (2)

At 1,700°F, and after recycling the tar to
the reactor for extensive cracking, the
total equivalent yield was approximately
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8,500 standard cubic feet of pipeline gas
per ton of coal.

"From a commercial standpoint, sulfur re-
duction is most meaningfully expressed on
an equal BTU basis, defined as: Sulfur
reduction (equal BTU basis) 100 x (lb.
S/BTU of coal - Ib. S/BTU of char)/(lb.
S/BTU of coal). On this basis, sulfur re-
duction of 30% to 45% were obtained."(3)

Both the pipeline gas and the char have
high heating values compared to those of
other processes.

Clean Coke process-carbonizing and hydro-
genating of U.S. Steel Corp. This process
may be used to produce clean coke, low-
sulfur liquids, and gaseous fuel bypro-
ducts from high-sulfur, high-ash coals.

This process combines carbonization and
hydrogenation of coal. After sizing in
coal-preparation plant, part of the coal
is processed through a carbonization unit.
Here, the coal is devolatilized and par-
tially desulfurized. The product is used
to provide the base material for coke pro-
duction. The rest of the coal is slurried
with a carrier oil and hydrogenated to
convert most of the coal to liquids.

These liquids are processed into low-
sulfur liquid fuels, chemical feedstocks,
and three oil fractions that are recycled
to other process areas. The char and
pitch coke is slurried with one of these
oils, formed into pellets and baked to
produce metallurgical coke with a low-
sulfur content. The vapors of the coke-
preparation are collected and returned to
the process.

a

Preliminary evaluations show that a plant
constructed to process 6.5 million tons/
yr of as-mined coal would produce 2.2
million tons/yr of coke pellets, 2.3 bil-
lion Ib/yr of chemicals, 8 million gal-
lons/yr of liquid fuels and approximately
6 trillion BTU/yr of fuel gas.



Lurgi process. Among the few processes
currently in commercial operation is the
Lurgi process. This is a fixed-bed pro-
cess in which a sized, non-coking coal is
fed into a pressure gasifier of up to
twelve feet in diameter. The gasifier
uses a rotating grate underneath the coal
bed for feeding steam and oxygen which
cool the grate and prevent clinkering of
the ash. Coal is spread evenly over the
bed by a distributor at the top of the
gasifier where temperatures range from
500°F to 800°F. The rotating grate at the
bottom allows ash to be collected in a
hopper. The temperatures at the bottom of
the gasifier are less than 2000°F. Raw
gases leave at the top at 850°F and are
scrubbed and cooled. (1)

The
the
use

counter-current flow of reactants in
fixed-bed reactor allows the efficient
of the heat that is released during
the oxidation of the coal near the base of
the gasifier. Since this method also
operates under pressure, the reported
thermal efficiencies are on the order of
about 70%.

Koppers-Totzek Process. This process con-
tains an entrained bed of reactants:

coal, steam, and oxygen. Two or four op-

posing burners may be used for commercial

gasifiers. Four burners can handle up to

850 tons/day of coal. The raw gas leaves

the gasifier at temperatures up to 3,300°F.

Therefore, the consumption of oxygen per
unit of gas is significantly higher than
for fixed-bed reactors. There is a slag
collected at the bottom of the gasifier.

Any rank or type of coal may be gasified
by the Koppers-Totzek process. All of the
coal, even the fines, may be used. Since
there are no phenols, tars, or light oils
produced during the operation, there are
fewer environmental problems than with
other processes. The thermal efficiencies
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of the process are reported to be about
T7%.

Winkler process. This atmospheric, fluid-
bed gasifier uses oxygen and steam as
media. Temperatures for the operation
range from 1,500°F to 1,850°F. Unreacted
carbon, ash, and product gas are carried
out of the bed. The unreacted carbon is
reacted with more steam and oxygen in the
disengaging space above the fluid bed.

The gases are cooled by a radiant boiler
in the upper portion of the gasifier.

Sixteen plants, in a number of countries,
use this process. The largest plant has a
capacity of 1.1 million standard cubic
feet per hour.

This process can handle all sizes of coal,
but it cannot handle a strongly coking
coal which is not pre-treated. The pro-
cess boasts very few environmental prob-
lems and has an average oxygen consumption
compared to other processes. The overall
thermal efficiencies are reported to be
about 75%.(1)

Hygas process. The Office of Coal
Research has sponsored the development of
the Hygas process by the Institute of Gas

Technology. At the present time, a large
pilot plant is being tested.(4) A high-
BTU gas 1is produced by the process by re-

acting hydrogen (supplied by steam-carbon
and water-gas shift reactions and by re-
acting steam with char at 1,900°F) with
coal at 1,000 to 1,500 pounds per square
inch. Coal is fed into the hydrogasifier
at the top, and hydrogen is fed in at the
top, and steam is fed in at the bottom.
The hydrogasifier is made up of two fluid
beds. The upper bed operates at 1,200°F
and the lower bed at 1,700°F. The reac-
tion rate of the process and the amount of
methane at equilibrium in the product gas
is optimized by this method. (1)



There are three methods which may be used
to produce the hydrogen needed for the
Hygas process. These are electrothermal,
steam-oxygen, and steam-iron. The three
methods were proposed by the Institute of
Gas Technology.

COg-Acceptor process. The COg-Acceptor
process was also introduced by the Office
of Coal Research and is being tested in a
pilot plant. |In this process, coal is

fed into the gasifier and, after being
devolatized, is reacted with steam in a
fluid-bed gasifier. Operating pressure
ranges from 150-300 pounds per square

inch. Hot dolomite is introduced into
this reaction. The dolomite provides heat
to the steam-carbon reaction by absorbing
carbon dioxide formed by the decarboxyla-
tion of the lignite feed.(4) The product
gas leaves at the top of the gasifier.

The spent dolomite and unreacted char are
removed at the bottom. Then the unreacted

carbon 1is burned with air and the heat
produced carbonates, and the dolomite is
regenerated.

Synt