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1. INTRODUCTION

Almost all mechanical devices in use today involve some sort of
thermodynamic irreversibilities, and to the degree that a process is
irreversible, it is inefficient. It may not be possible to improve
the efficiency of a given device, but it may be feasible to increase
the overall efficiency of the process. Rejected energy recovery is
one means to this end and is part of the larger effort towards reduc-
tion in the use of high quality energy.

There are two fundamental approaches to reducing energy consumption:
(1) Improving the energy efficiency of existing systems; and (2) Shift-
ing to systems which are less energy intensive at the outset. Most tech-
niques for improving the energy efficiency of a process tend to be capital
and labor intensive, whereas alternate means of accomplishing a desired
mission are energy intensive even though dollar and energy savings may
result. For example, installation of storm windows reduces overall resi-
dential heat loss, increasing energy efficiency of the residence. Substi-
tuting a rapid transit system for personal transportation saves both energy
and money, but is still energy intensive. In addition, dollars saved through
direct energy conservation tend to be re-invested in further conservation
practices, while dollars saved from substitution tend to be distributed
*hroughout the economy in a more general or random fashion (Reference 1).

A view of the evidence, one can conclude that improving the overall energy
e“ficiency of a process is the preferred route to energy conservation. Here-

ies the real significance of, and justification for, energy recovery
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projects.

There are many avenues of approach to the waste energy problem, One
which aids the analyst in isolating areas that exhibit potential for energy
recovery is the systems approach. A systems perspective includes all aspects
of energy usage and can be used to categorize energy inputs and outputs for
a given building, shop, or process. For example, a boiler used for the pro-

duction of steam might be considered as a system as shown in Figure 1,1,

Fuel o
; _Steam
Combustion air__ Boiler e
flue gases__

Feed Water e

'

wall losses
Figure 1.1. Energy transfer associated with a boiler

When inputs and outputs are systematically identified, passible sources

for recovery of rejected energy become apparent. As an example, flue

gases might be used for preheating combustion air and/or boiler feed water.

In general, direct preheating of fuels by exhaust gases is not a safe prac-

tice, however, this might be accomplished through an intermediate heat ex-

change process. An added benefit of the systems approach may include oppor-

tunities for energy conservation. The example shows that energy is lost

from the boiler system through structural walls. The addition of insulation

could reduce wall losses, and make the overall system more energy efficient.
After possible sources for waste energy recovery have been identified,

several factors must be considered before beginning energy recovery efforts.




First, the quantity of energy available should be sufficient to justify
anticipated expenditures. Second, energy quality should be compatible
with intended end use. Third, the recovered energy should be used in a
practical and profitable way. Fourth, transmission of the energy should
occur with minimal losses. Ideally, the location for the end use of re-
covered energy should be near the waste energy source.

Once areas for energy recovery have been isolated and the appropriate
factors considered, it is beneficial to outline concepts which will yield
the greatest return for a given capital outlay. Recovery schemes which
exhibit the lowest cost per unit energy delivered ($UED) are preferred.

In time, with increasing energy costs and changes in energy recovery
technology, a recovery scheme which is presently deemed unacceptable may
be practical and therefore results of the system analysis should not be
discarded. The analyst should always endeavor to incorporate off-the-
shelf recovery equipment. This precludes design and testing and results
in the least expensive matching of source and equipment.

The first part of this report outlines the techniques used for
determining appropriate schemes for energy recovery. Both thermodynamic
and economic considerations are presented. These concepts are based on
the fundamental principles of thermodynamics and heat transfer as found in
standard texts on the subject. They are applied by surveying potential sites
for rejected energy recovery at Tinker AFB, Oklahoma and Wright-Patterson
AFB, Ohio. Specific examples of the methodology are given in Parts II and
ITT of this report.

Part II contains rejected energy recovery studies for facilities

—




which are typical at most installations. In each case, not only are the

appropriate energy fluxes considered, but standard "off-the-shelf" recovery

equipment is suggested for use. These examples involve recovery from rela-

tively Tow quality heat sources, since they are not associated with heavy

industrial equipment. Most Air Force bases will have large quantities of

low quality rejected energy; in fact, more than can be used. Every attempt

to utilize these sources should be made, and a requirement for any rejected

energy source in excess of 200°F can usually be found.

Part III is primarily concerned with special industrial recovery
systems and most of the examples are a result of the Tinker AFB survey.
The examples herein deal with high quality energy sources which, in most
cases, are economically useful. Some of the sources can be directly used
in the process from which they result. Others, such as the jet engine
test cells, represent such a large amount of rejected energy that they
can have a substantial impact on the energy utilization. Most industrial
facilities within the Air Force will have the potential for rejected

energy recovery equipment similar to that reported here.

it _....,_..._‘J
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PART I

2. BASIC CONSIDERATIONS IN THE UNDERSTANDING OF ENERGY TRANSFER PROCESSES

The fundamental concepts which govern the nature of energy transfer
processes are the first and second laws of thermodynamics and the phenom-
enological relationships which govern the transfer of energy. Although
this section provides a review of these concepts, one should consult a
standard text on thermodynamics, such as reference 2 or 3, for more details.

Thermodynamics lends itself very well to a systems approach in identi-
fying and discussing the problems involved with the transfer of energy. A
system is something that is defined by the analyst for his particular pro-
blem at hand. The system may be either a collection of matter, or it might
be a region in space. Systems range from the simplicity of a single atom,
to the complexity of a nuclear power plant. Matter may flow through a
system, as in the case of a jet engine. The system must be properly defined,
not only to indicate the flows, but also the quality of the energy. To
differentiate between various systems, the term' control massuis used to
indicate a system consisting of specified matter, and the term'control
volume''is used to indicate a system of specified space. In general, when
working with properties of materials, one uses the control masses, Much
engineering analysis, however, involves some sort of flow proeess as in most
2y plications involving rejected energy recovery. In such cases, control
volumes are used. After the system is defined, everything else is auto-

matically called the environment. The interaction between the system and
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its environment is the main interest in thermodynamics.

The fundamental concept associated with thermodynamics is the first
law of thermodynamics. This law states that energy is always conserved. l
It can be transferred from one system to another, but the sum of all the
energy a system may possess and that which is transferred is always constant. 1
Energy is usually broken into two main components, mechanical energy and
internal energy. Mechanical energy consists of kinetic and potential
energy and is associated with the macroscopic motion of the system or,
as with a control volume, the material flowing through the system. Internal
energy includes all the other kinds of energy and is usually associated with
the microscopic aspects of the system. The most common form of internal
energy is usually called thermal energy; that is, the part associated with
the temperature of the system. Latent heat that is associated with the
change in phase of a system such as the boiling of water is also internal

energy. Therefore, the amount of internal energy a system possesses is not

necessarily directly proportional to the temperature. Systems possess
energy and transfer it from one system to another, and the energy of a
system changes only when energy is transferred to or from the system.

Energy is transferred through two basic modes: energy transfer as work,

commonly called, simply, work, and energy transfer as heat, commonly called
reat transfer. Energy transfer as work is associated with the macroscopic
changes of the system, such as the volume expansion with an internal combus-
tion engine, rotation of a shaft, or the ordered motion of electrons carry-
ing current. These are all energy transfers as work. Energy transfer as
heat is associated with microscopic motion of molecules with temperature
being the driving potential. Heat transfer cannot occur without a tempera-

ture gradient. The larger the temparature gradient, the more rapid the heat




transfer rate. Thus, high temperature differences are attractive for
the construction of compact heat exchangers.

Heat and work are energies in the process of being transferred.
Heat and work are not stored within matter; they are "done on" or "done
by" the system. Energy is what is stored. Work and heat are two ways
of transferring energy across the boundaries of a system. Once energy
is in the system, it is impossible to tell whether it was transferred
as heat or as work. The term "heat of a substance" is thus as meaning-
less as "work of a substance". The first law of thermodynamics does not
differentiate between the quality of the energy that has been transferred.
It merely accounts for the magnitude of energy in terms of some known
quantities such as a BTU, a foot-pound, a calorie, a Joule, etc.

The second law of thermodynamics describes the quality of energy in
a way that the first law cannot. The quality of energy is usually measured
in the ability of a system to do useful work. Work is the most precious
form of energy transfer, since it can be used to accomplish virtually any
task. Next comes high temperature heat sources and low temperature heat
sinks; that is, those which exhibit the greatest temperature difference
with the surroundings. The quality of energy tramsfer as heat then degen-
erates until its temperature difference with the surroundings is small.
This is now the least precious form of energy. In most cases, whan dealing
with rejected energy recovery, the systems are rejecting energy as heat at
relatively low quality.

Energy transfer is best used in such a manner as to preserve the
uality of energy. This may seem a little obvious, but consider all the
misuses of electrical energy from the thermodynamic standpoint. Elecfrica1

energy exhibits itself as work, but when used directly to space heat and/or




to heat water by resistance heaters, this most precious form has been
used in the worst possible manner, that is as a low quality heat source.
It has been robbed of all its availability. A better use of electrical
energy for the purpose of space heating is through the use of a heat
pump. In this case, the electrical energy is used to drive a compressor,
and hence, work is used as work. Preserving the availability in this
manner maximizes second-law efficiency. Maximizing the second-law effi-
ciency insures that the quality of the energy source is consistent with
its use (Reference 4).

In most cases, rejected energy sources are heat sources of various
temperature levels. The quality of these sources must be considered in
all cases. It is of little use to have a heat source of very high quantity
of energy, for example several million BTUs, if these BTUs are of relatively
Tow quality, say 100°F. A1l those BTUs applied to water at atmospheric
pressure still do not boil the water. In considering rejected energy

sources, one must therefore address not only the quantity of the eneray

used, but the quality of this energy. For many cases involving rejected
energy recovery, the quality of the rejected energy is directly related

to its temperature, and therefore provides a simple measure of energy quality.




AR it e e ot S5

| S——

3. AN APPROACH TO THE RECOVERY OF REJECTED ENERGY
3.1 Methodology for Conducting Rejected Energy Recovery Studies

A basic methodology for the study of rejected energy recovery has
been developed from surveys done at Wright-Patterson AFB and Tinker AFB.
The procedure is as follows:

1.

2.

Identify the large energy users with good recovery potential.
For each energy user under consideration, sketch the system and
indicate the energy flows.

Determine the quality and quantity of rejected energy.

Consider the appropriate impiementation of energy conservation
principles.

Determine if the rejected energy can be coupled directly to the
system.

Determine a location for the end use of rejected energy not
coupled to the system.

Determine the appropriate kind of energy recovery equipment.

Compare costs of the various possible recovery equipment alterna-

tives.

The identification of large energy users often leads to the identifi-
cation of good sources of rejected energy. As an example, boiler flue gases
re an cxcellent source of rejected energy. Gas-to-air heat exchange can b2
used for preheating combustion air. This can result in a 2% increase in
:ombustion efficiency for each 100°F increase in air temperature (Reference

5). Gas-to-fluid heat exchangers can be employed to preheat boiler feed or

-




make-up water. Energy-temperature relationships are linear below the
vapor dome, hence, fuel savings are also linear in this region. If the
quantity and quality of the flue gases are sufficient, it may be possible
to effect a heat exchange between exhaust gases and a working fluid for J
either conventional or organic Rankine cycle operation. Extraction of

waste energy in this manner will allow production of shaft work for use i
as mechanical or electrical energy.

Large reciprocating air compressors are another source of rejected

energy. It is common for final stage discharge temperatures to approach
300°F. A portion of the thermal energy can be extracted from the com-
pressed air and ducted or piped to areas where heating requirements exist.
Heat pipe heat exchangers are excellent for air-to-air heat recovery, while

the more conventional tube and shel! exchangers are best for 2ir-to-liquid

exchange.

Heating, ventilating, and air conditioning (HVAC) systems are other
areas where heat recovery can be practiced in a beneficial way. The main
point of concern involves pre-conditioning outside air before its entry

into the structure. Heat exchange between exhaust and intake air is done

to pre-cool intake air during warm months and pre-heat intake air during
cooler months, reducing the load on the HVAC system. This concept can be
readily applied to locations where a particular process requires large
amounts of ventilation, such as plating facilities, paint spray booths,
laundries, and curing ovens. Refrigeration systems are another potential
source for rejected energy recovery. At present, major emphasis is placed
on desuperheating compressor discharge gases before their entry into the

l condenser section. The amount of waste energy available varies from 3,000
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to 5.000 BTUs per hour per ton, depending upon the type of condenser cooling.
Energy rejected from refrigeration systems can be recovered for use in space

and domestic water heating. Air conditioners that operate on a Rankine cycle
have been used in a similar fashion (Reference 6).

Once a system has been selected as a potential site for energy recovery,
sketch the system and indicate the flows of energy. The energy flows should
be identified by energy transfer as heat or energy transfer as work. In
almost every case, energy transfer for rejected energy purposes will be energy
transfer as heat. This sketch often provides the groundwork for immediate
impiementation of rejected energy recovery equipment, and therefore is one
of the most important steps in the analysis.

Once the flows of energy have been indicated, it is necessary to quan-
tify each of the rejected energy sources. For the base studies, this has
proven to be an arduous task. Rejected energy data have not been available
because, when most of the facilities were built, the cost of energy was low,
and no metering devices were installed. Therefore, the quality and quantity
of the rejected energy must be determined with best data estimates. In most
cases, the determination of quality merely involves the determination of
the temperature of the rejected energy source. When mass is rejected, it
11so0 involves the determination of pressure. In addition, any corrosive
conditions that exist within the rejected energy source should be noted
because this will influence the kind of energy recovery equipment that may
be used. In addition to determining the magnitude and quality of the energy,
tie period over which a particular facility generates rejected energy also
reads to be determined.

The first step in the use of rejected energy is to determine if energy

can be conserved rather than used as a rejected energy source. Can the overall
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energy consumption of the particular system or device be lowered through
better conservation practices? The implementation of good conservation

is usually less expensive and pays back more rapidly than does the imple-
mentation of rejected energy recovery systems. For example, it makes
little sense to use flue gases in a gas furnace to preheat combustion air
-- which will result in perhaps a 4% savings in energy -- when the ductwork
for that particular distribution system is leaky and not insulated. Such a
distribution system could have up to 40% energy losses. In this case, it
is best to conserve energy by insulating the ductwork or repairing the
leaks and then preheat combustion air.

After appropriate conservation principles have been applied, the system
should be examined to determine whether rejected energy can be directly used
by the system; as is the case for exhaust gases on a furnace preheating
combustion air. When this is possible, rejected energy is fully used, be-
cause it will be utilized when the system is in operation. Rejected energy
systems such as these usually demonstrate rapid payback periods.

When rejected energy cannot be coupled directly to the system, an
appropriate location for its use must be found. Three principal factors
are to be considered. The first of these is the amount of use a location
will have for the source. The second being the physical distance that the
energy must be transported for it to be utilized. The third factor is the
maintenance required for the energy recovery system. Energy recovery studies
have indicated that these three factors are critical; if a source is used
anly slightly, if the distance of transmission is quite long, or if large

maintenance costs are required, the location for end use will usually not

be economically feasible.
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After the possible locations for end use of the rejected energy have
been determined, the type of equipment should be considered. It is best
to consider devices which can be purchased "off-the-shelf", because these
are usually initially cheaper than the "custom made" devices. Several
types of heat recovery devices are available, each having particular ad-
vantages and disadvantages. Consequently, recovery conditions and param-
eters may simplify the overall selection by elimination of choices. A

list of recovery hardware includes enthalpy wheels, rotary heat exchangers, i

heat pipes, run-around coils, and various types of shell and tube heat
exchangers. Enthalpy wheels can recover both latent and sensible heat,
but an external energy source is required to impart rotary motion. Cross-
: contamination may also occur between the supply and exhaust streams. In
addition, the two streams must be physically close. Rotary heat wheels
are essentially enthalpy wheels, but without the dessicant coating, and

therefore can recover only sensible heat. The disadvantages associated

with rotary heat wheels are similar to those associated with enthalpy wheels.

Heat pipes are entirely static devices and require no external energy input.

They can recover both sensible heat and latent heat, but require the exhaust
and supply streams to be in close proximity. Run-around coils consict of

two heat exchangers which can be separated by a relatively large physical
distance. The exchangers are interconnected by piping filled with a working
“luid which acts as a heat transfer medium. The fluid is circulated by an
electricolly driven pump requiring an externai power supply, although the
pump i usually quite small. Shell and tube heat exchangers are the classical

tynes 0° devices used for energy recovery and are usually used for gas-to-
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liquid heat exchange.

Other devices worth considering from the energy recovery viewpoint
are organic Rankine cycle units and waste heat boilers. Organic Rankine
cycle units can be used to produce shaft work or generate electricity and
can use waste heat streams as a thermal driving source. Because organic
working fluids change phase at much lower temperatures than water and
possess higher densities, these units can be quite successful for pro-
ducing shaft work in waste heat recovery systems. Waste heat boilers are
simply devices that capture waste heat and use it to provide heating or
cooling, or to act as a heat source for the Rankine cycle process.

After the locations for potential heat recovery have been determined
and the appropriate types of energy recovery units have been selected, the

costs associated with the recovery equipment and the potential energy savings

from using this equipment can be determined. This is the key step in the

analysis, because it will indicate the payback period of the device. The

typical economic analysis for these systems is the present sum analysis. Basic
economic considerations for this type of analysis are described in Section

ﬁ 4. If the payback period is relatively short, say for instance, three to

four years, then one should consider implementing the device. The final

consideration involved is a measure of what is commonly known in engineering

economics as an irreducible. For example, if a rejected energy recovery

system has a payback period of three to four years, but the facility from

which the rejected energy is coming is to be replaced in the next two years,

it nakes no sense to install the rejected energy recovery equipment,

Data collection and/or metering devices aid in the proper determination

of rejected energy recovery equipment. The installation of such equipment
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will assist in isolating areas that are major energy consumers. The added
benefit associated with metering includes the ability to document energy

reductions that occur as a result of energy conservation measures.




3.2 Waste Energy Recovery Survey Questionnaire

One of the most difficult aspects of applying the methodology is
usually the identification and quantification of waste energy sources.

As a result of the base surveys, the questionnaire shown at the end of
this section has been developed, which should assist in this process.

It is divided into four sections, and in most cases, not all sections
will apply. The form has been designed to suffice for a single building.
In the case of a building such as Building 3001 at Tinker AFB, the multi-
tude of industrial processes located within the building require more
than a single form. For cases such as this, it is best to have one form
per shop. The Building Load Information Surveys (BLIS) and first-hand
knowledge of various bui1dings‘on a base should provide the initial data
before surveys are conducted. With this input, first possible locations
for waste heat recovery can be determined.

The first section of the form is concerned with forced air and venti-
Tation systems. The first two blocks require information about the venti-
lation requirements. Those facilities which require the largest number of
air changes per hour or have the inlet/outlet centrally-located and do not
already possess heat recovery units (Block I.4.) should be examined first.
Processes which require separate exhaust ventilation often rely upon in-
filtration for intake, those which require the largest flow rate should
also be examined first. As noted in the previous section, uninsulated
ductwork passing through spaces which do not require heating or cooling
can cause excessive losses. Block I.3. therefore provides for the delin-.

eation of such conditions. Block I.5 refers to the support of a process
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that requires chilling or refrigeration other than air conditioning.
Section Il relates to any device located within the building or area
of interest that exhibits energy transfer as heat to the surroundings
and/or exhausts hot gases, for example, forced air aas furnaces, treating
ovens, boilers, industrial furnaces, etc. Since utilization has been
found to be an important parameter with regard to the economics of heat
recovery, Block II.1.d. provides for the rating of utilization. Any con-
venient time scale is appropriate, such as hrs/week, mos/year, etc. Blocks
I1.2., II.3., and II.4. provide for noting the presence or absence of in-
sulated exhaust stacks, combustionair preheating and any existing heat
recovery units which have all been found to be successful fundamental
conservation and recovery schemes.
Section IIT is reserved for the discharge of hot liquids such as
those from cooling systems, condensate and compressed air lines. Such J
lines may prove useful for recuperative heat exchange, space heating,
and/or potable water heating. Existing insulation is recorded in Block
II1.2. The relative merits of line insulation is discussed in Section

II. Block IIT.3. permits the noting of any existing recovery systems.

Section IV provides for the delineation of major electric devices.
While 1ighting and air conditioning units may be the most common, it
also provides for devices such as air compressors and electric furnaces.
Examination of the lighting system as required in Block IV.1. may expose
some abuses such as excess lighting in areas originally designed for one

purpose and now being used for another. Major electric devices (Block

IV.2.) which dissipate energy for a useful purpose are often good Tow

quality heat sources.
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Section V is provided for additional comments which may include

devices not covered in the previous four sections, ideas for possible
recovery schemes, and requirements germane to the building or area which
may preclude the use of heat recovery equipment.

This sheet is a product of the surveys and should assist a base
civil engineer and/or base maintenance personnel in the identification
of sources for heat recovery. Information gathered as a result of this
sheet report should provide the initial input for a system approach to

the recovery of rejected energy.
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BUILDING - SHOP NAME OFFICE SYMBOL PHONE NUMBER
SECTION I - FORCED AIR AND VENTILATION SYSTEMS
Summer
1. Amount of outside air required (CFM) Winter
2. Processes which require separate ventilation
a. process b. exhaust temperature c. flow rate (CFM)
| |
some |
3. HVAC Ductwork insulated yes no (specify amt) ’
4. Heat recovery units in use type process none
5. Refrigeration/chiller requirement purpose rating none
SECTION II - HEAT SOURCES (GASES)
) 1. Heat sources in the area
a. type b. fuel c. tmm d. utilization (tim
2. Exhaust system insulated yes no N/A
3. Combustion air preheating unit none N/A
4, Heat recovery units in use type process none
SECTION III - HOT FLUID EFFLUENTS (LIQUIDS OR CCMPRESSED GASES)
1. Hot effluents (> 100°F)
a. fluid b. flow rate c. temperature d. line size
2. Lines insulated ; yes no some

; Waste Energy Recovery Side One_
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type process none
3. Heat recovery units in use
SECTION IV - ELECTRICAL DEVICES
1. Electric lighting supplemented by natural lighting type none

a. Name

2. Major electric devices

b. Purpose

c. kw/HP rating

SECTION V - ADDITIONAL COMMENTS

Waste Energy Recovery
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4. ECONOMIC EVALUATION OF WASTE ENERGY RECOVERY EQUIPMENT

4.1 Present Worth Economics

The most popular technique for evaluating energy saving equipment
is through the use of present worth economics. In this case, all costs
and savings are represented as if they were to occur on the day of in-
stallation. The appropriate use of rates-of-return of compound interest
factors are required to account for the time value of money. Economics

for rejected energy recovery equipment involve two basic costs, the

initial capital outlay, C, and the annual maintenance costs, M,, where

n refers to the number of years after installation. The savings prin-
cipally involve a decrease in the cost of some utility; this is repre-
sented by the symbol Gy, that is the annual utility savings associated

with the year prior to installation. Other costs may be involved such

as other utility savings or reduced equipment operation costs, and should
be properly accounted for. In general, however, it has been found that

these costs are relatively small and therefore are not included here.

The basic equation for present-worth break-even analysis is

J J
n M.(1+4y) n G.(1+1)
p = c + n - 0 u < 0
jzs:1 (1 + 1')3 jz=:1 (1+ 1‘)J W

(4-1)

where 11 is the inflation rate of the maintenance costs and i* the pre-
scribed rate-of-return, and i, the escalation rate for the utility of

interest. The annual costs are computed for an entire year and are
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considered to be a year-end cost. Typically, the unknown in the equation
is n, the break-even year. This equation is implicitly solved for the value
of n which makes P less than or equal to zero. Assuming a rate-of-return

of 7%, and because this is very nearly the inflation rate, the second term

in the equation is simplified. In addition, the annual maintenance costs
are usually best approximated by a constant. With the above assumptions,
equation (4-1) becomes

1+ iy

n J
P=C+nM- j}é:] Goly55) =0
(4-2)
The utility escalation rates are typically greater than the rate-of-return

so a similar approximation cannot be made for the last term in equation

(4-2). Table 4.7 gives utility escalation rates used throughout the report.

Period | i, || Period | i, |

Natural Gas ([ 1977 to | 15% 1981 to | 8%

1980 -

il 1978 to | 16% || 1981 to | 8%
1980 -

Coa) 1977 to | 10% || 1981 to | 5¢ ;
1980 - !

Electricity || 1977 to | 16% 1981 to | 7%
1980 ®

*1977 rote 12%

Tatle 4.1. Utility escalation rates.
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The summation of equation (4-2) can be replaced with a single term

if the following substitution is made

1+ 14,
3 5 ciabulat,
(4-3)
where
1+ i
I = ____‘u.-
R
(4-4)
The summation is then
n : . n
E(~|+I)J=(1*I)[\]+I) -1
i I 1
(8-5) :
for first value of j not equal to 1
n ; n m-1
$pepl-Oenioen -0+0 "3
j=m :
(4-6)
when i, = i I=0, and

equation (4-5) becomes

e = B
1) = -
j= 1( j=1 X

(4-7)
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equation (4-6) becomes

n J n
> O+1)= ¥ 1=n-m-
j=m j=m

(4-8)

Table 4.2 gives the values for I for an i* of 7% and values of iy from

Table 4.1.

Period I Period I

Natural Gas || 1977 to | 7.5% 1981 to | .93%

1980

Oil* 1978 to | 8.4% 1981 to | .93%
1980 o

Ccal 1977 to | 2.8% 1981 to (-1.9%
1980 ®

Electricity || 1977 to | 8.4% 1981 to 0%
1980 ®

*1977, 1 = 4.7%

Table 4.2. Values of I for the various
utility escalation rates.

Most economic evaiuations were conducted assuming an installation of
January 1, 1978, therefore two rates were involved. For n < 3, equation

(4-2) becomes:

P=C+nM

n

i Go(] . I])EU 2 I]) - ]]:0; n<3
1

(4-8)
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For n > 3

for natural gas, oil and coal

(1% HIEO + 1)oaa i s (5 3al0ets o vl + 12)31}
I % I L3
1 2

P=C+nM- Go{

(4-9)

for electricity

(1 + 10+ 1" - 1]
P=C+M-~ Gyl T, +(n-3)1<0

(4-10)

These are the governing equations for the economic evaluation of the energy

recovery equipment.

B «

N




bl o gl U0 L Ll Biah gt b LRl S 0 Lt e o i

e e i -

4.2 The Effect of Uncertainties on the Determination of Break-Even Time for J

Waste Energy Recovery Equipment

The computation of the break-even economics depends to some measure
upon the ability to predict utility escalation rates. projected maintenance
costs, and to some extent the projected utility savings and the initial
capital investment. Although statistical methods exist (Reference 7), the
effects of these uncertainties can be clearly described through the loga-
rithmic derivative of the present-worth break-even equation.

The significance of logarithmic differentiation is shown by the fol-
lowing example. Consider a dependent variable, z, which is functionally

related to an independent variable, x, as given below

z = F (%) (4-11)
Logarithmically,
Inz = 1n (f(x)) (8-12)

The derivative of equation (4-12) is

dz . f 'ix
T 7‘(‘0,‘1 - (4-13)

Multiplying the righthand side by x/x, the result is

dz [x fo(x d_X]
z X} X (4-14)

dx/x and dz/z are non-dimensional differences or uncertainties that are

expressed in terms of percents or percentages. The term in the brackets j

1




is called the sensitivity coefficient because it functionally relates dx/x
to dz/z. Suppose x has a value of 10 and this value is known to be within
+ 1. The uncertainty in x is therefore 10%. Since z is a function x,
this uncertainty is quantitatively projected to z through the sensitivity
coefficient.. If the value of the sensitivity coefficient were to be one,
then a 10% uncertainty in x would translate to a 10% uncertainty in z.

If the coefficient were 10 or .1, then the uncertainty in z would be 100%
or 1%, respectively. The sensitivity coefficient therefore indicates the

effect of a particular independent variable on the dependent variable.

The result of equation (4-14) can be extended to two or more variables.

i = f (% ¥) (4-15)

The logarithmic derivative is

T &), Seowm G Y e

Extending to n number of variables, the sensitivity coefficient, Sy takes

the form
= Xi af .
3 f(X) (E) s> where X = xj, Xp, . . . ., X, (4-17)

The equation of interest in the economic analysis is the present worth

break-even equation (c.f. (4-8))

P = C+nn- G (141) [§1+1)" ~Hap (4-18)

In this case, there are five independent variables, C, M, Go. iu and i*.
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The dependent variable is n, and although equation (4-11) cannot be solved
explicitly for n, it is possible to determine the derivatives of interest.

The general logarithmic derivative which describe chinges in n is

8L R)ELE S (%

aC

+
-—de

NOERETEE:

n i %o/ G (8-19)

The derivatives required by equation (4-19)have been derived in

Appendix A. The results of which are presented here.

%

i F (1 + 1) di*
dn [n(F, - _Gl_d_)]-1 C dc M dM 2
0

[ +n=a 5 + . —
Gc C G0 M 1+ 1 i

i“ Fz Si!. N EEQ]
S e 376,

where

n+1
Fp = Llil%_n- In (1+1)

(n1-1) (1+D)" +
12

-
n
i

-n
w
"

(1+1) [(1;1)" - 1]
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The factors Fy, Fp and F5 are shown in Figure 4.1 as a function of the
number of years, n. Note that the factor n[Fy - E ] divides each one
of the coefficients. Representative values for th?s factor are shown
in Figure 4.2.

Note that only the capital cost coefficient and the maintenance
cost coefficient of equation (4-20) contain terms which directly relate
to the dollars expended for the particular device. If the capital cost
of a particular energy system is uncertain by 1n%, that is, dC/C = 0.1,
and if the coefficient C/(Gyn(Fy ~ M/Gy)) is equal to one, then this
uncertainty contributes a 10% uncertainty to the break-even time n. If
the coefficient were equal to 10, then a 10% uncertainty in the capital
cost leads to a 100% uncertainty in the break-even time. Similarly, if
the coefficient were equal to 0.1, then a 10% uncertainty in the capital
cost leads to a 1% uncertainty in the break-even time. The sign on the
coefficient indicates the direction of the change. For instance, an
increase in the energy cost savings, Gy, leads to a decrease in the break-
even time, because the sign oa F3 is always negative.

The term (F) - M/Gy) which appears in the denominator of each term
on the righthand side of Equation (4-20) can have a significant effect
on the uncertainty if M/G, is on the order of Fy. Since F] always has
a value of one or greater, M/Gy must be kept small in order to keep un-
certainty low. The maintenance costs of a particular unit should therefore

be much less than the projected cost savings of energy at today's prices.

Intuitively, one may have guessed this result, because systems which require

maintenance approximating projected savings do not appear to be a sound

investment. Having a small value cf M/Go minimizes the effect of the

y 3} =




(F] - M/Gy) term, and insures that the coefficient of the dM/M term is
smali. One may conclude, then, if maintenance costs are small compared

to utility cost savings, uncertainties in maintenance costs lead to
relatively little uncertainty in the break-even time. A similar conclu-
sion may be drawn with regard to capital investment which is the first term
in Equation (4-20), the difference being that it is usually possible to
have accurate estimates of capital costs. When the C/Gp ratio is large,
every attempt must be made to accurately determine the initial capital
costs so that break-even time can be accurately estimated. Energy recovery
systems which produce work will, in general, have a relatively large capita’
investment compared to utility cost savings.

The relative values of the remaining three coefficients are shown in
Figure 4.3. The lowest pair of curves in Figure 4.3 are for the coefficient
of the di*/i* term which is the inflation or cost-of-money term. It indi-
cates that a change in the inflation rate has a relatively small effect on
the uncertainty in the break-even time. For example, a 50% uncertainty in
the inflation rate would lead to about a 10% uncertainty (For i, = .2) if
the break-even time were five years. Thus, if the inflation rate were 10.5%
instead of 7% (50% higher), then the break-even time would be 5.5 years
instead of five years. It appears, therefore, that inflation rate uncer-
tainties are not a cause for concern in projected break-even times.

The utility savings term coefficient, d 6,/G, is on the order of one
and therefore a 20% uncertainty in this value will lead to about 20% uncer-
tainty in the break-even time. For example, if the utility savings were

actually 20% lower than predicted, a five year break-even time would increase
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to six years. It is expected that the utility savings estimate would be

within 10% of projected value. Five-year break-even estimates therefore

would have a + .5 year uncertainty.

| The uncertainty involved in knowledge of the increase in utility
costs appears to yield a minor sensitivity. Suppose an energy recovery
system has a five year break-even time, and it is estimated that the
particular utility which the system complements will increase at a rate
of 20% per year. If the actual rate is found to be 16% per year or 20%
less than expected, the break-even time will extend by 9% or from five
years to 5.45 years. The uncertainty in this rate is therefore of little
concern.

The previous three examples were for an M/G, of 0.1. If maintenance
costs are higher, the coefficients will become larger in value and the
uncertainties will increase. This uniform effect of maintenance costs
on the break-even time demands that systems with small values of M/Gg
only be considered unless break-even times are very short, say less than
one year.

In summary, the preceding analysis has shown that the ratio of
maintenance costs to initial utility savings appears to be the most
critical parameter in the uncertainty in estimating break-even costs.

If this ratio is small, then the ratio of capital outlay to initial
utility savings appears to be the most critical. The analysis indicates

that for systems requiring a relatively large capital outlay, the cost

estimates should be known accurately in order for accurate estimates in
break-even time to be made. Since uncertainties in utility savings

project themselves to comparable uncertainties in break-even times,
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systems with large uncertainties in utility savings should be reviewed
subjectively so that one can insure that the derived benefits will out-
weigh any criticism which may arise in future years. It must be under-
stood that uncertainties in cost-of-money and utility escalation rate

have small effects on the uncertainty in the break-even time.
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5. RAISING THE EFFICIENCY OF GAS FURNACES

In this section the techniques for improving th2 performance of
ordinary forced-air gas furnaces are discussed. Heat recovery in this
case is simplified, because the furnace itself is directly utilizing
the recovered energy. The source and the demand are therefore directly
coupled. Furnace usage varies throughout the continental United States,
and the average is likely no more than s*x months. Break-even times
for heating equipment in general can therefore be expected to be longer
than similar equipment used year round. The absolute savings for a
particular furnace may be small. For example, increasing the efficiency
by 10% may save only from $20 to $50 per year, but considering the number
of furnaces in use at Air Force installations, the resultina savings will
be significant.

Recent studies and experiments carried out by the Oak Ridge National
Laboratory (Reference 8) have illuminated possible areas for gas furnace
system energy savings. According to the report, the greatest controllable
loss from a forced hot-air heating system is from uninsulated or Teaking
ducts. The problem can be remedied by examination and repair of ducts
and insulation as necessary. In some residences where ducting passes
through unheated space, losses as high as 40% were reported.

The second jreatest controllable loss (up to 10%) results from the
cyclic operation of the furnace. “he report suggests that this loss can

be virtually elininated by setting the fan switch to turn the fan off at
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5%F above the room thermostat setting and to turn it on as closely above

the setting as the switch construction permits. This involves a simple
modification and comes at the expense of some comfort.

The report also recommends turning off the pilot fiame (iC% loss)
during nonheating seasons and nerforming routine cleaning and adjustments
as suggested by the equipment manufacturer. In addition, wher the main
furnace control valve needs replacing, replace it with the valve pilot
combination that can automatically turn the pilot 1ight on when needed.
Such combinations cost about $10 more than a regular system, bqt easily
pay for themselves in one heating season.

Preheating combustion air for gas and oil fired furnaces and/or !
boilers can reduce stack losses from 10% to 25%. For small applications
(exhaust stack diameter: 6" < x < 8"), a heat pipe heat exchanger is
suitable. For larger units, conventional tube type heat exchangers are

probably a better choice. In any case, furnace efficiency can be improved

by 2% for each 100°F rise in combustion air temperature with a 200°F rise
typical in most applications. Alternately, heat can be drawn from the

system for cold weather heating by placing forced draft heat pipe heat exchancers

in the exhaust ducting. These units can be thermostatically controlled and
demonstrate per uni. heat recovery potentials of 5000 to 15000 BTU/hr dependirg

ipor furnace capacity, size of heat exchanger (i.e., number of heat pipes in

unit), and the exhaust temperature. Each unit can supply warmed air at temperatures
hetween 140°F - 200%F with air flow rates of 80 to 100 cubic feet/min. An

ex ple of the type of heat pipe heat exchanger that would find application

i this instance is the Air-0-Space heater, distributed by Isothermics, Inc.,

¢ Auguste, lew CJersey. It can be installed in ducting diameters between
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six and eight inches with optimal temperature ranges of 450°F to 800°F.

t appears, therefore, that in the case of furnace., conservation
should be practiced first. Turning off pilot lichts in the sumrer and reducing
the cyclic operation of the furnace by permitting broader temperature range x
can be accomplished at virtually no cost and will provide an immediate 19%
to 20% savings in the gas utilized. Insulatino ductwork in unheated |
spaces and repairing leaks in the ducting will then provide additional savings. i
Only after these conservaticn measures are adopted should the recovery of '
stack gas energy be accomplished. Recovery equipment costs from $100 to $500

z
and the investment will usually be recovered in less than five years. j
i
i




6. FREE COOLING FOR LARGE TRANE CHILLER UNITS

"Free cooling" refers to a TRANC air conditioning chiller operating
mode wherein the motor driven comrpressor can be electrically de-energized.
The system can then be operated as a basic heat exchanging unit and produce
up to 45% of its rated cooling capacity. Figure 6,1 illustrates the normal
operating flowpath for the unit, with the electrically driven compressor
providing work input to the system. Figure 6.2 demonstrates the free-
cooling mode, flow being maintained by natural convection, with the
compressor de-energized.

The free cooling mode can be initiated whenever cooling water

temperature is less than the chilled water renlacement. Refrigerant is

bciled in the evaporator, absorbing heat from the chilled water. The
vapor flows to the condensing section where it is condensed, and returns
to the evaporator section by gravity flow. The perforimance of the
chiller unit is a function of conling water temperature and flow rate,
and the amount of surface area available for heat transfer. As stated,
the chiller can operate up to 45% of its rated capacity in the free
cooling mode for units of 200 to 1360 tons. The KW requirements for
these units vary from 150 to 1000 KW. Clearly, eléctrica1 savings can
be significant. At a 1977 Air Force electric rate of roughly 2¢ per
kilowatt hour, the savings on operating a 150 KW motor for 8 hours per
day, 120 days per year, is $2,880 yhile a savings of $19,200 is possible
“or a 1000 KW un't.

It is recomiended that the free cooling option be considered only
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Figure 6.1 Normal chiller operation

Figure 6.2 Free cooling mode

- 40 -




in geographical areas which average greater than 4,000 degree days. In
addition, the system is recommended where precisely controlled humidity

is not critical, or where outside air cannot be used satisfactorily.
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7.  ORGANIC RANKINE CYCLE WASTE 4EAT UTILIZATION

An organic Rankine cycle energy conversion system is simply a
Rankine cycle that uses freon or similar organic fluid as a working
fluid. Since the required boiler temperatures aré much Tower than for
Rankine-cycle steam units, “waste" heat can be used as the source when

the production of work:is determined to be economically acceptable.

The basic process is illustrated in Figure 7.1.
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Figure 7.1 Basic Organic Rankine Cycle
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Parameters associated with the waste heat source (mass flow rate,
temperature, etc.) are the primary liniting constraints to power output,
while condensing fluid temperature is the second major constraint.

Energy extracted from the waste heat stream in the freon boiler causes
vaperization of the working fluid. The vaoor then passes throuch the
expander where shaft work is produced, while the cbndenser section condenses
the working fluid and the pump returns it to the boiler where the process
continues.

Large units (600 KW) such as those manufactured by Sunstrand Energy
Systems of Rockford, Illinois, are still in the developmental stage and
the present unit cost is about $310,000 with installation requiring an
additional $100,000 to $150,000. The waste heat source temperature for
optimal operation is in excess of 600°F with a maﬁs flow rate of about
80,000 pounds mass per hcur. At this point in time, urits with this
capacity would not seem justifiable, because of capital commitment required
by Air Force mission and needs.

Smaller units (10-15 KW) may be justifiable. One marufacturer of
these units is Sun Power Systems Incorporated of Miami, Florida. These
units can use a liquid or gaseous waste heat source with temperatures
greater than or equal to 150°F and can produce 10 KW with a boiler/condenser
temperature differential of 100°F. The maximum power capability is 15 KW
and the minimum is 3 KW at a AT of 50°F.

An organic Rankine cycle (CRC) has several advantages over convertional
steam systems including low flow rate to power production potential

ratio allowing smaller expansion engines, piping, and condensers.
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Ir. addition, erosion of turbine hlading during the freon expansion
process is minimized due to freon's ability to rem;in saturated
durirg the enthalpy reducticn takirc nlace in the turbine. Freon
velocity is characteristically lower than s*eam for a given work
output and it car develop greater pressures for a given temperature
than steam, especially for the lower temperature values typically
encountered in waste heat applications. Based upon the Carnot
limit, the process becomes more efficient with increases ir. temperature
of the waste heat source and decreases in the teiperature of the cooling
source. However, an organic heat engine is more efficient than common
steam systems where heat source temperatures are limited.
A typical 10 KW ORC unit has the following dimensions: length 96",
width 60", height 48", weight 2627 pounds. The shaft work produced by
the unit can be used directly or applied is a prime mover for an electrical
generator. Cooling water can be supplied by either open or closed circuit
cooling systems with a typical condenser AT of 189F at a 50 gpm flow rate.
These units could find wide application throughout the Air Force,
particularly at central heating plants. For example, hot stack gases
could be used as the heat source for operating the unit, while the shaft
work produced could be used directly by mechanically coupling the engine
output to a feed pump, condensate pump or circulating pump in the case of
steam plants, or circulating pumps where high temperature hot water is
produced. These suggestions are representative only and are not intended

to include all possible uses for an organic Rankine cycle (ORC) power system.
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The cost of a TOKW ORC unit is approximately $11,500. The unit

will require a heating and cooling supply. If circulating water is already
avai'able, the cost of piping water to the unit should be relatively small.
If no cooling supply presently exists, a cooling water circulating system
would have to be installed. For a unit of this capacity, any closed circuit
evaporative air cooler would suffice with approximate costs $2,750. The
waste heat source (exhaust stack effluent) would require a heat exckanger
placed in the exhaust stream and the exchange media could be air or fluid.
Pricing of the heat exchanger will require further investigation if interest
warrants, but a cost of $2,000 would be a reasonable estimate. The unit
is virtually maintenance free for 30,000 hours of operation and maintenance
costs will therefore be considered negligible.

An economic analysis of a hypothetical application of an ORC
system will be done to aid in determining the poténtial value
inherent in this particular technique of waste energy utilization.
The assumptions are that the unit is to be used to replace a 15 HP
electric motor operating on a continuous basis, 8760 hours per year.
The electric savings (in kW) are 11.19 KN per hour or 98024.4 W
per year. At a cost of $0.02 per KWH, the savings in electric cost
would be $1960.00. Using the annual electric cost escalation rates
given in Section 4, the projected savings in electric cost are illustrated

in Table 7.1.
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YEAR ELECTRIC SAVINGS ($)
1978 2,278
1979 2,642
1980 3,065
1981 3,457
1982 3,803
1983 4,183
1984 4,601
1985 5,061
1986 5,568
1987 6,124
1988 6,737
1989 7,411
1990 8,152

Table 7.1. Electric cost savings using ORC as a replacement
for a 15 HP electric motor.

A present sum analysis is illustrated in Figure 7.2 and demonstrates

a payback period of 4 1/2 years. The analysis was carried out using

the savings data from Table 7.1, $11,500 initial capital outlay, $0.1

per year maintenance cost and a 7% rate of return. It is to be emphasized
that this analysis does not include the cooling and heating supply piping

system and component cost or the installation cost.
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Figure 7.2. Present sum analysis for replacing a 15 HP
electric motor with an ORC system. Note that
horizontal axis labelling correspcnds to the
end of each year.

15 HP is the output of the Organic Rankine Cycle System, and the
unit could be used in steam and HTHW heating plants as a prime mover

for condensate, circulating, and feedwater pumps or for compressors and

other devices usually requiring an electric motor. Figure 7.3 illustrates

various payback times for capital expenditures of $13,500, $14,50C,
$15,500, and $16,500 arid is intended to reflect the increase in payback
times as initial outlay for cooling and heat supply equipment increases
over and above the cost of the ORC unit.
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Figure 7.3. Present sum analysis indicating effect of
higher initial outlay for ancillary
equipment for ORC system.
As electric utility rates continue to escalate with time, the
Organic Rankine Cycle power system driven by a waste heat source
cvems to offer a viable and economically justifiable means for waste
heat recovery. Currently these units appear to be economically feasible
only where a year-round source is available. In addition, stack energy

flow rates should be a minimum of 350,000 BTU/hr* for suitable implementa-
tion of the 10 KW unit. The end use should be clearly identified before

implementation of the unit.

*]f the stack gas temperature were reduced from 600°F to 300°F,
the required stack gas flow rate for 350,000 BTU/hr is 5000 1bm/hr or
1000 cfm, which is Tow by industry-wide comparison.

- 48 -




8.  ENERGY RECOVERY IN COMPRESSED AIR SYSTEMS

8.1 Lowering the Output Pressure of Compressed Air Systems

Many air compressors in operation at Air Force installations
have been in service for an extended period of time. It is possible
that in some cases, machines may be supplying air at pressures and
flow rates that are no longer needed, btecause of changes in mission or
mission requirements. If service requirements can be met at lower supply
pressures, substantial savings in electric costs may be realized.

The first step to this approach would involve a site survey to
determine if air pressure can be lowered. If, for instance, nine out
of ten outlets could function satisfactorily with lower supply pressure,
then a small local air compressor adequate for the one outlet with greater
need may be feasible. In addition, a check with unit manufacturers:
should be carried out to insure that a given compressor pressure can
be lowered and the degree of difficulty associated with the process.

To illustrate the benefits that may be expected from lowering
air pressure, an analysis will be done concerning a two-stage recipro-
cating air compressor located in Area B, Building 42 at WPAFB. This
unit is driven by a 200 HP electric motor and supplies field air at
100 psig. For the sake of analysis, it will be assumed that the air
pressure can be reduced to 85 psig and still provide adequate service
to all outlets. In addition, the unit operates continuously. The number

of hours will be assumed to be 8760 hours annually.
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The approximate reduction in electric BHP requirement in reducing
suppiy pressure from 100 to 85 psig is 7.25% (ef. Figure 8.1). The
annual savings in electric demand is: 94,756 KWH/year.

At an assumed cost of $0.020 per KWH, a savings of $1933 is immediately
possible. Considering projected escalation in utility rates, it is clear
that reducing air compressor discharge pressure where possible can be

beneficial from an energy as well as monetary standpoint.
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8.2 Leaking Compressed Air Lines

out long-term economic effects of system air loss.

This section will deal with air line leaks in an effort to point

For this analysis,

it will be assumed that system pressure is 100 psig, electric cost is
$0.020 per KWH, and the system is pressurized 8760 hours per year.
Table 8.1 illustrates the amount of air lost per year from various
diameter holes in system piping (at 100 psig) and the annual cost for
associated electricity usage by the air compressor.

Table 8.1. Electric Costs for Air Leaks from a 100 psig

Line for a 22 BHP Electric Prime Mover
Providing 100 cfm Free Air Flow.

e | M oo pete red | e so.cpen
1/32 553,000 30.30
1/16 2,220,000 121.00
1/8 8,880,000 486.00
1/4 35,500,000 1,940.00
3/8 79,900,000 4,370.00
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In the Tong run, leaks in air system piping can have significant
effect on operating economics. The numbers quoted in Table 5.1 are
for a single leak; consider the effect of several hundred leaks which
may occur in a large distribution system.

It seems a good practice to conduct planned periodic inspection
routines on air systems to insure piping and component integrity.
Reliance on casual detection of leaks should be avoided due to physical
qualities of air (colorless, odorless). In addition, noise associated
with such leaks may easily be obscured by plant or industrial processes.
One effective technique for locating system air leaks involves swabbing
likely areas with a soap-water mixture. Conducting inspections after
duty hours is also effective. Likely areas include points subject to
mechanical and physical stress such as joints, elbows, points of passage

through walls or buildings, and valves.
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8.3 Energy Recovery from Large Air Compressors

In general, air exiting a compressor is at a relatively high
temperature as a result of the compression process. The air must be
cooled to eliminate (condense) entrained water and oil vapors, and
this is usually accomplished with a water-cooled heat exchanger (after-
cooler). If needed, additional air cooling is provided by an Organic
Rankine Cycle "chiller" unit. In either case, the energy removed from
the air is dissipated to an environment outside the structure which **
houses the compressor. Because the housing structure frequently has a
heating requirement, it seems advantageous to use energy rejected from
the compressed air for building heating.

The simplest scheme would involve placing a heat exchanger in
the air stream after the compressor discharge and before the aftercooler,
where air temperatures are typically on the order of 250°F. Energy thus
recovered could be ducted to nearby areas where a heating requirement
exists, with losses minimized by proper design and 1nsul§tion of the
ductwork.

The most efficient heat exchanger that could be used in this instance
is a heat pipe exchanging array (95+%). After contacting several manufac-
turers of heat pipes, it was determined that no such equipment currently
exists, but several manufacturers suggested that the idea could prove

marketable and envision a completed unit costing approximately $750.
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The amount of energy contained in the discharge of a compressor
of the type found at the Ram Air Facility, TAFB, is calculated below.

The results are based on an air flow of 6 1bm/sec at 300°0F.
Q = M Cp AT (8-1)

where Q is the heat transfer rate, M the mass flow rate, Cp the

specific heat constant pressure, and AT the temperature difference.

Substituting representative values

Q = (21 600 lbm) (. 24 BTU) (300-70) = 1.19 x 106 BTU/hr

Removing 50% of the thermal energy in the air would result in a recovery
of 596,160 BTU/hr. After heat exchange, the compressed air temperature
entering the aftercooler would be reduced from 3000F to 1859F. This
would result in a decreased cooling load on the aftercooler and chiller
unit equal to the same value.

The energy removed from the compressed air by the heat pipe array
could be sent to specific sites as required through use of ductwork and
a blower. The air flow rate for the heating side of the array is anticipated
to be about twice that of the compressed air side. This is to insure that
the delivery temperature will be in a safe and comfortable range. Under

stated conditions, the delivery air temperature for 100% efficient heat

recovery is 1279F.

|
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Assuming that buildina heating is currently beina supplied tv lecal
gas-fired heaters, the annual gas savings can be calculated as shown below.
The anaiysis is based on 757 efficient heaters and on an annual usaqe of

four months, centinuous.

x 1.33

"

3
BTU , 2880 hrs , 1 ft

Annual Gas Savings T vear 1020 BTU

596,160

2,244,367 ft3/year

At a cost of $1.36 per MCF, this fuel savings would equal $3052.
Electric energy costs associated with the blower must be subtracted .
from fuel savings. The amount of air flow the blower must provide is
10,683 CFM based on an air density of 0.0674 1bm/ft3 for the given
conditions. A horsepower rating of 15 HP for the electric motor should
be adequate. Annual electric costs for blower operation are shown below
and are based on 2¢ per KWH.

. .746 KW ;, 2880 hrs , $0.02
15 HP. x P b4 T X

Anrival Electric Costs =

$644.54

Net Savings $3052 - $644.54

$2407.46

A savings analysis is presented in Table 8.2, and is based on a

natural gas escalation rate given in Section 4.
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ﬁ | YEAR FUEL_SAVINGS ELECTRIC COST NET_SAVINGS

| 1978 $3510 $748 $2762

| 1979 4036 867 3169

| 1980 4642 1006 3636

{ 1981 5013 1076 3937
1982 5414 1152 4262
1983 5847 1232 4615
1984 6315 1319 5001
1985 6820 1411 5409

Table&2 Net dollar savings for heat recovery from
an air compressor using heat pipe array.

The present sum analysis for this concept is illustrated in Figure
8.2, and is based on a heat exchanger cost of $750, ancillary equipment

cost of $2500, installation cost of $1500, maintenance costs of $100 per

year, and savings as outlined in Table 8.2.

$500
475
400
300
200
100

A A A A 4 Il
v~

78 79 80 81 82 83

-100

Figure 8.2. Present sum breakeven point for heat pipe heat
exchanger.
Fuel savings will be a functior of:
a) Utilization of the recovery device (length of heating season).
b) Compressed air exit temperature and flow rate. Dollar savings will i

of course be relatecd to the type of heat provided, i.e., steam, forced
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air electric, etc.

From the analysis presented, and in light of the rapid payback,
it is evident that energy recovery from compressed air for structural
heating is feasible from an economic as well as an energy savings
viewpoint.

These sactions have presented several concepts for energy conservation
and recovery with regard to air compressors; conservation measures should
precede energy recovery. Organic Rankine Cycle power units are usually
not practical with air compressor units, because the energy available is

usually too low. The units discussed here are larger than one may expect

to find at most facilities.
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9.  WASTE ENERGY RECOVERY FROM REFRIGERATION AND AIR CONDITIONING SYSTEMS

9.1 Basic Considerations for Energy Recovery

Refrigeration and air conditioning systems can generally be represented
by a four-stage process involving a compressor, condenser, expansion valve,
and evaporator. The compressor and expansion valve effect changes in
working fluid temperature and pressure, while the condenser and evaporator

function primarily as heat transfer devices.

HIGH TEMP - HIGH PR
COMPRESSOR i A CONDENSER
I (SUPERHEATED)

, LOW TEMP VAPOR

SAT - LIQUID
HIGH PRESS

EVAPORATOR E;:AENRS':gN
LOW PRESS SOME VAPOR VALVE

Figure 9.1. Basic air conditioning and refrigeration process.

Energy recovery techniques as applied to refrigeration and air
conditioning systems use a heat exchanger placed between the discharge of
the compressor and the condenser. Working fluid leaving the compressor

} is a high temperature, high pressure (superheated) vapor. The recovery

neat exchanger (RHX) is designed to function as a desuperheater for'the
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working fluid prior to its entry into the condenser. The RHX should be
designed so condensation occurs only in the condenser and not in the
RHX itself, to avoid premature lowering of system pressure. In addition,
the RHX must offer minimal restriction to fluid flow to prevent an excessive
pressure drop in the working fluid as it passes through the device. Counter-
flow heat exchangers have proved the most efficient for this particular
application, because of maximized temperature differentials, hence optional
heat transfer rates. Axial counterflow heat exchangers are best for
small (< 12 ton) units, while a shell and tube type should be used for
larger applications.

An average watercooled air conditioning system rejects 15,000 BTU
per hour to the environment in providing one ton (12,000 BTU) of air
conditioning. For air-cooled systems, rejected energy may be as high
as 17,000 BTU per hour per ton of air conditioning. The RHX desuperheats
the high pressure vapor exiting the compressor and in the process can
capture 3,000 to 5,000 BTU per hour of the 15,000 to 17,000 BTU per hour
being rejected by the system. This "captured" energy can be considered
free in that it is normally rejectei to the environment.

The most common use for energy recovery systems of this nature
invotve heating water. The basic process is illustrated schematically
in Figure 9.1. Hot water can be used for space heating, or can be used in
other hot water applications (i.e., potable water, rinse water for indus-
trial processes). If, for example, a 50 gallon hot water tank is used in
a heat recovery scheme involving a 5 ton air conditioning system, the maximum
amount of heat that can be recovered is 25,000 BTU per hour. This is

sufficient to raise the 50 gallons of water from 70°F to 130°F in one hour.
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Figure 9.2. Heat recovery from air conditioning and refrigeration

Twenty-five thousand BTU per hour is the equivalent of 7.32 KW of
electrical energy or about 33 cubic feet of natural gas in a 75% efficient
water heater. The savings per hour are insignificant when electrical
costs are around 2 cents per KWH and gas costs are roughly $2.00 per MCF.
The key to the waste energy concept lies in utilization. Small differences

in large numbers over a long period of time can add up to substantial savings

Preliminary studies conducted at Patrick AFB, Florida (Reference 6) with actual

hardware indicate significant savings. Clearly, geographic and climactic
conditions are reflected directly in use of air conditioning systems, hence

heat recovery capabilities. Refrigeration systems are more
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independent of environmental ~nditions than air conditioners and use
will be year round. Waste energy recovery from refrigeration systems
might also be used for space heating. This application is necessarily
limited to buildings which contain larger refrigeration systems, such as
commissaries.

Large Rankine cycle air conditioning units of the type found in
industrial areas appear to be excellent prospects for energy recovery
by desuperheating compressor discharge. Howevei, the typical compressor
discharge temperatures are on the order of 95-1009F. While the total
energy being rejected by this type of unit is large, the quality is too
low for practical use of energy recovery techniques of this type.

Water heating by air conditioning units is possible, but is only
effective if the air conditioning unit is substantially used. In addition,
the low compressor discharge temperature of some units makes water heating
impractical. Use of the air conditioning unit, compressor discharge
temperature and location of potential end use should all be carefully
determined. Refrigeration units which normally operate year
round, have higher discharge temperatures and have a potable water heating

requirement nearby are more likely prospects.
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9.2 Refrigeration Heat Recovery

While the system described in Section 9.1 can operate year round,
the concept presented in this section 1imits energy recovery to seasons
when heating is required and is limited to refrigeration systems. The
concept centers around use of a second condenser which acts as a heater
unit. It can be placed in ductwork or be a separate unit. When a
requirement exists for building heating, a circuit is energized which
bypasses the primary condenser diverting the hot compressor discharge
to the heat recovery condenser where the gas gives up its heat to ventilating
air. At the same time, the primary condenser, fans, and water pumps which
are usually located on the building exterior are de-energized. The
partially condensed working fluid is then sent to the primary condenser
to re-instate normal flow conditions. The hot gas temperature is nominally
at 1509F so that the amount of heat transfer is significant. Depending on
local climatic conditions, this approach can be expected to provide 60%
to 100% of the heating requirement for large installations.

The concept is easily expanded where multiple refrigeration units
exist by simply adding an array of secondary condensers in the ventilation
ductwork. This insures mechanical independence and continuity of operation

in the event of repairs to a single refrigeration system.
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The total amount of heat recoverable from all refrigeration units
within a given structure should be capable of providing at least half
the heating requirements. In addition, only medium temperature units
of at Teast 5 HP or low temperature units of 7 1/2 HP or above should
be considered. The heating savings must be weighed against the cost
of diverting valves, refrigerant piping, condensing unit, and ancillary
equipment for each refrigeration unit. Payback periods of two to three
years, however, are not uncommon. {

Selection of proper recovery hardware is a function of many
variables including building size, occupant load, ambient
conditions, ventilation requirements, structural materials, refrigeration
unit size and number, and geographical location. Each installation must
be considered individually due to the wide variability in pertinent para-
meters. For this reason, a recovery analysis will be carried out for a

hypothetical situation based on general assumptions. A detailed analysis

would require accurate information to serve as a data base before realistic

recovery capabilities and subsequent capital outlays could be determined.

Therefore, the analysis done here is intended to be generally representative

of the concept of recovery from refrigeration systems.

It will be assumed that the "store" contains: 1) a 15 HP dairy case
operating at a suction temperature of 100F; 2) a 10 HP ice cream case
operating at a suction temperature of -359F; 3) a 15 HP frozen foods case
operating at -350F., The amount of ieat rejected from each unit in BTU/hr
is 145,000, 56,000, and 69,500 BTU rer hour respectively. The total
rejected energy available for store heating is 270,500 BTU/hr.
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Assuming that heat is provided by natural gas at 75% efficiency,

annual gas savings realizable by utilization of refrigeration heat recovery
is 353 cubic feet per hour or 1,015,807 cubic feet per year based on 24
hours per day, 4 months per year of continuous utilization. Associated fuel
cost savings are listed in Table 9.1. Gas costs are assumed to be $1.36

per MCF.

Year Fuel Cost Savings |
1978 1,589
1979 1,827
1980 2,101
1981 2,269
1982 2,451
1983 2,647
1984 2,858
1985 3,087
1986 3,334

Table 9.1 Fuel Cost Savings for Use of Refrigeration
Heat Recovery
The particular heat recovery unit under consideration is Model
#4CF 1206H, manufactured by Tyler R:frigeration Corporation of Niles,
Michigan, and is intended to be placed directly in existing HVAC ductwork.
Typical unit cost is approximately $1500, installation costs are given as
$500 (based on 15 hours labor @ $10/hr and piping costs of $3.50 per

linear foot for 100 feet of piping) and negligible maintenance costs.

|
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Associated savings are as listed in Table 9.1. The present sum analysis

is shown in Fiqure 9.2,

2000

year

1000~

1081 b

Figure 9.3. Present sum analysis for heat recovery
from refrigeration units.

Indicate that capital recovery occurs quite rapidly, provided that the
“store" could use all this energy.

An appropriate location for such a unit is in areas where infiltration
loss 1is significant, such as an unloading dock area. Such a unit is
lTocated at the Wright-Patterson Air Force Base Commissary. It is designed
to provide heating for the unloading dock-storage area in the winter months.

Nearly every Air Force base has a commissary and implementation of

such units could significantly reduce the building heating load. Care




must be taken to insure that the heat recovery unit is not oversized
for the particular unit. If this occurs, then the unit will become

overloaded and either compressor failure or reduced cooling will result.
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10. WASTE ENERGY RECOVERY SCHEME FOR THE LAUNDRY FACILITY AT WPAFB

Laundry facilities represent an excellent source of low quality
waste energy that can be suitably used for space heating. The laundry
facility at WPAFB has been analyzed as an example. This is
in a 33,000 ftz building (Building A-745) near a steam
plant (Building A-770). The total heat requirement for the facility is
provided by the steam plant and includes steam for: 1) space heating,

2) hot water (for washing machines), and 3) clothes dryers. Space

heating is done by forced air to steam-coil heat exchange and the same
technique is used for clothes drying. Hot water is produced by immersing
steam coils in water stored in several large tanks. In all cases,
condensate return is practiced. A small amount of steam is vented to

the atmosphere, but is thought by supervisory personnel to be insignificant
heat loss. There are no fuel fired processes within the facility and air
conditioning is non-existent. Ventilation supply is provided by window
fans, with roof mounted exhaust fans.

After some investigation, it has been determined that a major area
where heat recovery might be econcmically feasible involves the clothes
dryers. Within the building are seven large dryers manufactured by
the American Dryer Corporation of Boston, Massachusetts. Each unit

exhausts air to the atmosphere at about 105°F and 3000 CFM. Each unit
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has its own exhaust ductwork which is 16 inches in diameter and uninsulated.
On the average, all seven units are in operation six hours per day, five

days per week, 52 weeks per year. Drying air is exhausted rather than

recycled due to the relatively high moisture content from the drying process.

Supply air for dryer heat exch