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PREFACE

"As the once popular perception of fuel being unlimited and cheap fades,
increased emphasis is being given to more efficient use of energy resources and
to the substitution of non-scarce energy forms for depleting and less abundant
sources. Recognition of the need to conserve energy resources has been spurred
in large part by the oil embargo of 1973 and subsequent escalation in fuel
‘prices, by energy shortages in the harsh winter of 1976/77, by increasing elec-
tricity "brown-outs' in urban centers, and by the crippling effects of labor
.strikes and stoppages in energy supply industries. In recent years, development
and acceptance of energy conserving systems which avoid dependence on scarce
or interruptible fuels has increased markedly in the United States.

One comprehensive approach to energy conservation is the Integrated
Community Energy Systems (ICES) concept, which is intended to increase the
efficiency of the varied ways in which energy is provided to and utilized by
.a community. At the same time, the ICES approach seeks to reduce dependence on
scarce fuels and other resources, to preserve environmental quality, to offer
energy and energy consuming services in an economically attractive manner, and,
perhaps most importantly, to meet the energy needs of communities w1thout
.adversely affecting social and lifestyle objectives.

, The ICES approach to meeting these goals is embodied in three levels

of integration. First, by incorporating innovative technology to maximize .
the resource utilization efficiency, energy requirements can be reduced.
Included in this method are cogeneration (or more correctly coproduction)

- and cascading uses of energy to minimize the thermodynamic mismatch of source
energy qualities and actual energy needs. Also included is fuel substitution
in centralized community-scale systems which would be impractical in independent,
individual building and separate service energy systems. Second, by integrat-
ing the energy supply and energy consuming systems with the functional design
and layout of the community, load management advantages can be achieved and
distribution losses can be minimized. At the same time, resource needs can ‘
be reduced through appropriate land utilization and planned growth. And third,
the community systems development is integrated with the financial and regula-
tory mechanisms common to communities to permit widespread implementation.

A specific ICES may consist of either a partial or complete integration
of these approaches, as deemed necessary and appropriate to strike the desired
balance among a community's economic, social, environmental, and energy
conservation goals. An ICES can be applied to s total community as well
as to portions of a community and the services provided need not be the same
for all areas served. While ICES include a broad spectrum of technologies to
meet energy service requirements, the ICES concept neither arbitrarily
defines the energy services to be provided nor the type, size, or function
of the area to be served. As a result, an ICES is tailored for each applica-
tion and the determination of the kind and number of energy services provided
and the size of the service area for each such service is based on an optimum -
combination of energy efficiencies, indigenous resource and labor supplies,
economics, and environmental conditions. :

The communities which ICES are intended to serve consist of multiple
facilities in the residential, commercial, industrial, agricultural, recre-
ational, or institutional sectors or in some combination of sectors.

iz




Furthermore, these communities may be in various stages of development, e.g.,
planned, designed, constructed, or redevelopment.

Heat Pump Centered Integrated Community Energy Systems are energy systems
" for communities which provide heating, cooling, and/or other energy services
through the use of heat pumps. Since heat pumps primarily transfer energy from
existing and otherwise probably unused sources, rather than convert it from
electrical or chemical to thermal form, HP-ICES are viewed as having significant
potential for energy conservation. Furthermore, since conventional building
heating and cooling systems would be replaced by this community energy system,
nonscarce resources could be used instead of depleting fuels which are in short
supply. This is accomplished by powering the heat pumps with nonscarce energy
forms not practical for use in the smaller conventional systems. Secondary
benefits expected to enhance the value of such systems include reduction of
adverse environmental effects over conventional systems, reliable production

of services in view of increasingly frequent utility curtailments and interrup-
"tions, and provision of services at costs more favorable to consumers than con-
ventional system costs (including acquisition, operation, and maintenance).

The report which follows is a result of the System Development Phase of
the HP-ICES Project. The objective of this multiphase project is development
and demonstration of HP-ICES concepts leading to one or more operational systems
by the end of 1983. The seven phases include System Development, Demonstration
Design, Design Completion, HP-ICES Construction, Operation and Data Acquisition,
HP-ICES Evaluation, and Upgraded Continuation,

This project is sponsored by the Community Systems Branch, Office of
Buildings and Community Systems, Assistant Secretary for Conservation and Solar
Systems, U. S. Department of Fnergy (DOE). It is a part of the Community Systems
Program and is managed by the Energy and Environmental Systems Division of Argonne
National Laboratory. :

Nine parallel concepts are under development in the initial, System
Development, phase. The report which follows presents the interim findings
in the development and analysis of a concept being developed by Georgia
Institute of Technology.




" ABSTRACT

Heat Pump Centered-Integrated Community Energy Systems (HP-ICES)
show the promise 6f utilizihg 1ow-grade thermal energy for low-quality
energy requirements such aslépade‘heéting and cooling. The Heat Pump
—:Wastewater Heat Recovéry (HP-WHR) scheme is one approach t§ an
HP-ICES that pfoboses:to reclaim iow—grade thermal energy.from a com-

munity's wastewater effluent. This report develops the concept of an

HP-WHR sysﬁem, evaluates the potential performance and economics of
such a syétém; and'examiﬁesithe potential for‘applicaﬁion; A thermo-
“dynamic performahce énalvsis of a hypotheticai system projects an
overali system Cogfficient.of Performance (C.0.P.) oﬁ from 2.181 to
2.264 for wastewater temperatures varying from 50° F to 860 F. Primary
energy source savings from the implementation 6f this system is pro-
jected to be 5.014'QUADS, or the energy equivalent of 687 millions tons
of coal,ffrom 1586 to the year 2000. Eéonomic analysis{shows the HP-WHR
écﬁeme to Be_cost-competitive, on the basis of é ﬁet present yélﬁe life
|

cycle cost comparison, WithAconVentional residential and light commercial

HVAC systems.



1.0

1.1

SYSTEM CONCEPT

- INTRODUCTION

The Heat Pump Centered-integrated Community Enéfgy'System (HPC-ICES)

‘concept presented in this réport is essentially a cascaded heat recovery

scheme which extracts low-grade thermal energy from waétewater effluent
by means of electrically driven heat pumps. From an energy utilization
standpoint, the concept represents a method of using portions of the lowest
quality energy available in‘the community energy degradation cycle.

Figure No. 1-1 is a simplified schematic of the basic system elements.
These elements consist of: a primary heat source, a centrai'station heat
pump, a thermal distribution system, and individual end-user heat pumps.
Detailed discussions of each element will be presented in the following
sections. |

The technical feasibility of wastewater heat recovery}appears,well
within the realm of believability. Institutional acceptance barriers;
economic viability and the efficiency of resource htiiization by such a |
scheme are somewhat in doubt and will be addressed by various sections of
this report and by detailed application analyses in the Final Report.

The remainder of this section will describe each of the system
elements, component configurations, system operating modes, applications'
and potential benefits from adoption of the scheme. In-depth analyses
of system characteristics are presented in subsequent sections.

SYSTEM ENERGY FLOW

Conventional community heating and cooling systems use high grade
energy sources such as natural gas or oil burned directly in home heating
equipment or rural use of electricity generated at efficiencies less than

40'percent. As depicted in Figure 1-2, both processes lose substantial
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amounts of energy in the conve;sion process from primary fuel source to
end use.

One way to improve therutilization efficienpy of high grade energy
sources is to use waste heat from high quality energy processes to satisfy
lower quality requirements. The effect is to degrade emergy quality in a
cascading arrangement so that the highest quality energy is not used to
satisfy low quality needs.

In the case of our éommunity energ& system discussed previously, it
may be possible to utilize waste energy streams from a éoﬁmunity's.indus—
tries, electric generating plants and other high—gfade energy users to
satisfy portions of the community low-grade energy needs such as épace
heating. Waste heat utilization schemes such as this would lessen the
requirements for new high-grade energy sources and improve the energy
utilization efficiency of the resources currently cdnsumed by‘high quglity
energy users. |

One virtually untapped low-grade energy source is the wastewater
effluent streams gengrated by industry, power generation, residences and
the commercial sector. Admittedly, the desirability of this energy source
is low due to its low-energy quélity and contaminated state, however, the
amount of energy contained is significant when one considers the quantities
involved. If we are to fully integrate energy use by the community, we
must consider every available energy source. .

The energy flow scheme‘;resented-by Figure 1-3 is a repfesentation
of how low-gradé heat from a community's wastewaﬁer‘sﬁream could be
utilized for bﬁilding séace heating. Heat cou;d be extracted from indus-
trial and residential sanitary sewer effluent and from cooling wéter

streams discarded from power plants and industriai users- by means. of heat
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1.3

1.3.1

pumps. .The heat pumps would be uséd to.elevate the'témpérature of the
heat suffi;iently fqr use in space hegting,y The Heat‘Pumﬁ Wastewater Heat
Recover& Schéme (ﬁPfWHR) applied~td“a cdmmunitY'woﬁidtreéﬁire elements
which would: o

Insure adequate energy supply to tﬁe Commﬁnity.
Distribute the thermal energy éo the Cqmmunity.

Allow the end-users in the Community to utilize
the thermal energy.

Additionally, the distribution system and“end—uéer'heat pumps could
dissipate heat extracted from buildings during the cooling season. This
procéss is depictéd'by Figure 1-4,

SYSTEM DESCRIPTION

A completeudescription of the HP-WHR scheme requires a discussion of
eaéh of the system's major components, their charactgristics, and how they
interact. Referfingaagain to Figure 1-1, theée'components are:

®* Primary Heat Spdfce
Central Station Heat Pump
Thermal Distribution System.

Individual End-User Heat Pumps

PRIMARY HEAT SOURCE

The primary source of waste heat the HP-WHR scheme seeks to make use
of is community wastewater effluents. This can include sanitary sewer
discharges, storm sewer discharges and qooling water discharges. However,
only sanitary sewer discharges will be add;essed in this report.

We are all aware of ‘the numerous wa?m wéter discharges into the
sanitary sewer from our own residences. Bathing, cooking, wdshing and
many other home activities use hot or warm water whféﬁ is eventually dis-

charged to the sanitary sewer system. Similarly, but on a much larger




]

.scale, industrial and‘commercial activities create large»ﬁolumes of warm
water wﬁich'is'discharged to thé ganitary sewer system.. Commoﬁ.industrial
sources areAcooling water, spent pr&cess wéter, wash water and blowdown -
from heafing and céoling systems. |
Many disadvéntages_asspciated with ﬁéipg seﬁage effluent are apparent

due to the dirty nature of wastewatér. The.inéentives which must be kept
in mind when approaching the problem are that the collection éystem for
tﬁe enérgy contained in the stream is aiready installed aﬁd new capital is
not required to build the collection éystem. Secondly, thevpétential for
energy recovery will be greatest where it is néeded“most, i.e. in ﬁeavily
pobhlated, dense metropolitan areas.

_ The most important charaéteristics of the sewage gfflueﬁt will be its
quantity, thermal quaiitj and physical proﬁerties. Thesé characteristics
wili of course, be site specific and vary somewhat on a daily, weekly and

seasonal basis. It-is possible to make several general comments about the

nature of each characteristic. The quantity of wastewater from a commhnityA

is generally expressed by sanitary engineers in terms of gallons per day.‘
On an hourly basis the flow can vary substantially from the average daily
flow. It is usually characterized by two distinct flow peaks as shown in

Figure 1-5. Flows can also drop substantially over weekend and holiday

periods 1n areas where there are a large number of industrial discharges.
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Oﬁe.other significant'fécéor ¥Hat éan influencé the‘qﬁ;ﬁtify of waste-
water i; ground and surfacg Qatef infilfraﬁion..'Infiltfggionvbfléround
;nd surface water into the sewer s&étem wiil:vafy séasanaliyiaﬁd Vith the
age and design of the sewer system. iIn,oldef'systems'whefé storm and
sanitéry sewers arevcombined, an exfreme vériafion in flaw of several
hundred percent can occur during heavy rains. Addition#lly,.the infiux
.of surface water during the winter months wiil tend to lower seﬁage tem~
peratures. This could be significant, esfecially wheré'meltiﬁg’Snow
infiltrates intb the sanitary sewer system.

Thermal quality qf the wastewater will vary according to site specific
conditions. Industrial waste streams tend to be at higher témpef#tureg
than residential discharges. For that reason, communities'with high indus-
trial concentrations may offer more potential for energy recover& than
sérictly residen;ial éommunities. Tt is even conceivable that some waste-
water effluents may be utilized Qithoué‘the needAfor an ini;ial temperature
bbost by the central station heat pump;l

| In predominantly residential communities there will be somé concern
about the thermal content of the wastewater streams being tapped. A
thorough search of the literature concerned with wasteﬁater treatment
revealed that effluent temperatures are not generally éequiredvor considered
in the design of treatment plants. Similarly, it is rare for.éxistihg
treatment plants to record the temperature of the communit§ effluent
entering the plant.

The lack of temperature data will hinder initial HP-WHR system designs. :
However, if the concept appears feasible, temperature measurements are
relatively simple to obtain with recording thermometers. The nécessary
measurements will be discussed further in Chapter 8 - COMPONENI_EESTING.

A lower temperature limit approaching ground temperature seems

8




appropriate forAmoét sewer ¢olleé£i§nrsy§£ems.» Since ground temperature
is relatively constant throughout the year and is qonsi@erably above ambient
air temperatures in the winter months, it would appear ghat even in the
worst éase fhe wastewater stream would be preferable as a heat source to
the lower temperature ambienﬁ air. | |

‘Physical properties of wastewater streams deserve specilal attention
on a site spécific basié. Like the other properties of effluents, indus-
'triél discharges will introduce a variety of contaminents into the sanitary
sewer system. In some cases_the cprrosive or fouling nature of industrial
dischérges may render the wastewater stream_unus#ble. |

As a rule, the sanitary sewer effluent entering a sewage treatment
plant will have the viscosity and density which is gpproximamely thé same
as pure wafer. Tﬁe major impurities in the.effluent are suspended particles
which may be removéd by settling or filtration, colloidal particles smaller
- than 1uM, dissolved impurities such as volatiles and minerals and, of course,
a considerable microbiological population. A typical analysis of impurities
in sanitary sewer efflueﬁt will be as follows: |

300 mg/liter Suspended Solids
500 mg/liter Dissolved Solids

The reﬁaihder of the effluent ig essentially water.
| The impuritiés normally found in municiéal sewage ére routinely
handled by conventional‘treatment practices. The ﬁighly polluted nature
of the effluent has cahsed‘designers to avoid uéing ig wﬁenever possibie
due to expected foﬁling problems.

In the actual design of an HP-WHR scheme, consideréblg a;tg#tiqn
will be required to provide adequate fouling.alibwances fof heat transfér

surfaces and provisions for cleaning and inspecting components subjected




1.3.2

to contact with effluent streams.’

CENTRAL STATION HEAT PUMP

The Central Station héa; pump equipment elemént of the system will
serve to extract energy from thé primary heat spurce.and elevate its tem-
perature sufficiently for distribution aﬁd use throughoué the community.
Although only one unit is shown throughout the scheﬁatics in this report,
it may be advaﬁtagédus to combine multiple units in series or parallel
arrangements to achieve the desired temperature elevation or improve
part load performance characteristics.

Central station heat pumps haye been used extensivély over the past
thirty years in business and industry. The most notable example of this is
"water chilling" machines used by the air conditioning industry in large
scale building air conditioning. The central station heat pump used in
the HP-WHR scheme will be similar to6 the machine used for building air
conditioning systems, excépt selection procedures will ﬁe modified for
the required service conditions. -

The central station heat pump operates on a closed refrigerant cycle
consisting 6f working fluid compression, condensation and evaporation.
Typically, the working fiuid will be one of the freon refrigerants selected
for characteristics suitable for the temperature riSe required and the
machinery's»édmpréssor characteristics.

The evaporator and. condenser heat transfer components are commonly

shell and tube heat exchangers comprised of steel shell and non-ferrous

tubes. Depending on temperature rises and flow quantities, the water in
the tubes may make multiple passes. Tube material and thiékness is of
special importance in the HP-WHR scheme due to the abusive nature of waste-

water effluent. Some experience may be required before an optimum heat
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exchanger design can be éetilgd on'fqr_this application.
The compressor of‘the cehtral station heat pump can be 6fvthe recip-

: roéating, screw or centrifugél type driven by an electric motof. In
pfactice, i£ is,anticipated that the recippocating coﬁpressof wili have
little applicabil;ﬁy due to its limiﬁed capacity and somewhat iower operating
C.0.P. than centrifugal or screw type compressors. For the purposes of
this study, a centrifugal cémpressor is used as the central heat pump siﬁce
it is widely used By the air conditioning industry for central station air
conditioning appliéations in the temperature ranges suggested. |

4A Screw compressor Qili have éimilar performance characteristics to
the centrifugal type. waéver, commercially availgble,units have somewhat
lower capacity than their centrifugal couﬁterpa;ts. In some cases a screw
compressor may.be advantageous due to its ability to operate at highér
temperature and pressuré differentials.

. The compresso;,of the central station heat pump is thus.assumed to‘be
a centrifugal type driyen by an»electric motor. Capacity control will be
accomplished by inlet vanes to the centrifugal impeller. It is also
anticipated that.the machine will be a hermetié design, thus-allowing’
the refrigerant to absorb the heat given off ﬁy the electric motor.

figure 1-6 is a performance curve for a tyéical central station water
chilling ﬁachine used in heat recovery apblica;ipn. The data i; prgseﬁted
in terms of Heat'Réjection Factor (HRF), which is a ratiO'of the héat |
rejected at the condenser to heat absorbed by the evaporator. For refrigerant-
gas-cooled hermétic compressors tﬁe Coefficient of Performénce isj&gfined
appréximately by the following formula:
| | COP = [HRF x .99]/[HRF - 1]

Note that the on-site COP of the central machine isAqqite high, rangingl

11



1.3.3

Christian, 1975.

from 5 to 7 for the machine shown in Figure 1-6.” In actual practice’

 machine COP could be maximized within economic constraints by judicious

selection of central station heat pﬁmp componehts: The overall coefficient
of performanée of the central station will be reduced somewhat'by power
requirements for auxillary equipment such as pumps, controls, etc.
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Performance of Typical Large, Moderate Head, Hermetic
Centrifugal Compressor (R-11)

FIGURE 1-6 ~ 49
SOURCE: ASHRAE Handbook and Product Directory
1976 Systems Volume

Similar performance data for cooling COP's are available from equip-
ment manufacturers or may be derived from the ICES Technology Evaluation
Number ANL/CES/78-2 entitled, “Central Cooling-Compressive Chiller"; V.E.
5

THERMAL DISTRIBUTION SYSTEM

Two types of thermal distribution systems were considered for use with
the HP-WHR system. One system would utilize portions of the wastewater
which has been clarified to transport thermal energy from the central

station to the end-users. Once the energy was extracted from the transport

media it would be discarded to the sanitary sewer system and returned to

the waste treatment plant.
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The other distribution system wouldibe a closed loop circulating
system utilizing supply and return piping from the central heat source.
The closed loop circulating system is commonly used in heating and air
conditioning systems for thermal energy transport.

Both thermal distribution systems would 1ncorporate some form of
storage component to provide for optimum storage of heat extracted from
the primary heat source and for adequate peaking capacity during maximum

. energy demand periods.

The numerous problems associated with the‘proposed utilization of

claritied'wasteWater for a tnermal transport media lead us to adopt a more

conventional circulating water system as a basis for analysis. The clarified

wastewater scheme is presented in Chapter 7 - IDENTIFIED VARIATIONS for »
consideration in specialized cases.

1.3.4 CLOSED LOOP SYSTEM . ' i

A closed loop thermal distrlbution system would incorporate supply
and return piping:mains‘throughout the community. This would. allow the"
transport media to be returned to the central station to be regenerated.

-Closed loop circulating water systems are‘commonly used in heating and
air conditioning s?stems and industrial process applications. Thevadvantage
of the closed loop system 1is primarily its freedom from external con-
tamination. Its disadvantages are nigher installed cost and.gredter pump—
ing friction loss due to the increased distance of pressure—flow piping.

It is anticipated that the energy requirements for thermal transport
media circulation could be minimized by proper design of the.pumping system
to incorporate variable pumping or parallel pump staging. Likewise, two
pipe circulating spstems will enjoy some installation economies since

trenching and associated construction costs for one or.two pipes are

13




1.3.5

1.3.6

essentially thé same;L.
S One final paraéraéh coﬁcéfniﬁg eitﬁgr,syétem iéiappropriate‘oh the
subject of piping materials. Receﬁt'advénces iﬁ pipiﬁg haterials’héve

made plastic~type piping almost an induétry‘standard for municiﬁal water
distribution piping systems. The low femperature application discussed
here will be constructe& with plastic or fiberglass pipiﬁg,'taking advantage

of the latest cost reduction techniques.

THERMAL STORAGE

Regardless of thevtype distribution system selecfed, it will generally
be desirable to include a device for stéfing the thermal energy extracted

from the wastewater stream and apportioning it to the community as required.

Consideration of the storage volume will be of prime importance when actual

design is undertaken.

In most cases it is anticipated that the duantity.of transporthmedia
will dictate some form of(underéround, covered vessel. To be gost-effective
ﬁhis may take the formlof a plastic~lined eartheﬁ reservoir with a floating
or air-supported canopy. |

In the case of a clarified wastewater system, it may be advantageous
to split the storage requirements between underground and elevated vessels.
This would allow optimum pump sizing since peak flows‘could bé supplied
from the elevated tank, as in potable water systems. |

SYSTEM INSULATION

Insulation for piping and thermal storage systems will have to be
evaluated on a caéé—by-case basis. The systems presented in this report
assume that distribution system thermal losses will be kepf to é small
pefcéntage of the heat content of the transport media.l

Calculations presented in the analysis section. of this report for

14




1.3.7.

the thermal losses from buried,plas;ic pipe at low température
differenfials are expected to indicate that uﬁderground pipe insulation may
not be cost effective. For that reéson, the analyses presented iﬂ this
report assume no thermal insulation on the undergrouﬁd piping system.

END-USER HEAT PUMPS

The end-user heat pump'syétem utilized in the HP—WﬁR scheme would be
the type commércially available in the'%'to 25 ton cooling range. No
substantially different application techniques from COmmon_préctices
currently employed are anticipafed for the eﬁd—user systems.

“An exce}lent téchnology evaluation of uﬁitary‘water-to—air heat
éumps is available iﬁ a report by the same name prepared by‘J;E. Christian
of the Oak Ridge National Laboratory ANL/CES/TE_77—9 (Reference 7).

Figqfe 2.1 of that repq;t is inéluded here as Figure if7 and serves
to describe the opération of the unitary water-to-air heét pumps which
will be utilizéd by this[schgme,

Pe:formance characterisfics vary substéntially with manufacturer and
size of the speéific equipment. Typical manufacturer's CQPYé at standard
rating conditions range from 2.5 to 3.4 on the‘heating 9ycle'and from
2.44 to 2.66 on the cooling éycle. Paft load and seaéonél performance
factérs will also vary substantiail&.

The use of a relatively constant temperature water source offers
substantial energf performance improvement and the pfomise of more reléible
system operation. “improved heating performance is especially atﬁragtive A
when compared to air-source heat pumps due to the absenée of the attending
defrost cycles and supplemental electric strip heat output.

Heat pump'technology has advanced considerably over the:-last few

years. Further improvements in new heat pump design can be expected in
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FIGURE 1-7. Water~to-Air Heat Pump Showing Cooling and Heating Cycles
SOURCE: Unitary Water-to—-Air Heat Pumps "
ANL/CES/TE 77-9

- COMPONENT DES CRIPTION

The water-to-air heat pump actually is a reverse-cycle, self-
contained refrigératioh system as shown in Fig. 1-7. 1In the cooling cycle,
heat is absorbed through the air'coil from the conditioned space and trans-
ferred through the refrigeration process, to water circul;ting throqgh a
water-to-refrigerant heat exchanger. 1In the heating cycle, heat is ab~
sorbed from water cifculating through the wate? coil and trahsferred to
the air coil by the refrigeration process ﬁhefe it is‘fhén suppliéd to the

sﬁace being heated.
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1.4.1

the areas of cOmpressor.éapacity control- and prime mover types. Widespread

interest in water—to-air heat pumps for residential use should produce even

further improvements and decreased unit costs associated with increased
quautity production.

SYSTEM OPERATION

The Heat Pump Wastewater Heat RecoVerylScheme presented iﬁ this reéort
is intended to opefate in a heating and cooling mode. Actual operating
procedures will very with the size and complexity of the system'se for
simplicity's sake the description presented hefe will consider only a -
minimal ﬁumber of functional components;_

HEATING MODE -

A schematic of the HP-WHR System,operating in the heating mode is
presented in Figure 1-8. A clarified wastewater thermal transport media
is.utilized.

In the heating mode, wastewater effluent enters the treatment plant

- and goes through a primary clarification process, then passes through the

evaporator of the central station heat pump. A retenﬁion pondAis shown‘
immediately after the primary clarification process to level ouF diurnal
peaks in the sewage flow. .After passing through the central heat pump,
the wastewater effluent continues through the sewage treatment process.

The thermal transport media is circulated between the central heat_

pump condenser, where it picks up heat, and the storage vessel. A mixing

valve is provided in the storage vessel to indicate that full advantage

of thermal stratification will be taken.
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The thermal transport media is drawn from the storage vessel in
responéeAto system 1oadé. Primary distribution lines Would havt some re-
circulation or pressure relief to insure a constént supply temperatufe
during low load periods. |

Each-end—uset‘ﬁeat'pump would be .cycled in response to a spate-
mounted thermostat. .Used transport media  would be teturned‘to the dis-
t;ibution system according to individual heét pump requiremeﬁts. When
thé unit is inactivé, no transport media would be consumed. |

1.4.2 COOLING MODE

A schematic of the HP-WHR system operating in the cooliﬁg mode is
presented in Figure 1-9. A recirculating,thermal ttansport'mgdia is
utilized.

In the cooling mode, wastewater effluent entérs the condenser side
of the central heat pump and then passes on to normal sewage treatment
practice. Warm thermal transport ﬁedia.is extracted from the storége
vessel, cooled andithen‘reciréulatedAto the storage-vessel._bThe thérmal
transport media is then drgwn from the storage vessel in response to
system loads. '

Each ena-user heat pump would be cycled in response to a- space
mounted .thermostat. Heat would be rejected by the pump tb-the,transport
media acting as the heat sink. Used transport media wouid be tetufned
to the distribution system according to individual heat pumé requirements;

1.4.3 PART LOAD OPERATION

The HP-WHR schematics presented in this section offer considerable
l flexibility for full and part load operation. Leveling wastewater flow
over an 18-24 hour period will allow the central station heat pumps to

operate under relatively c¢onstant high load factors. This will.also
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1.4.4

1.5

allow the most cost—effective s1zing of the central station equipment
since peak community thermal demands will be met from the transport media

storage vessel.'

SIMULTANEOUS HEATING AND COOLING

During mild weather conditions it is probable that simultaneous

‘heating and cooling will take place throughout the system at different

end-users. This will be especially true where there are compercial buildings
mixed with residential construction.

In general, this operation wiil.tend to benefit the neating perfornance-
of the system since less heat will need to be extracted from the waste-
water stteam.. In effect, the heat pumps and'dist:ibution system will be
transferring unwanted heat_from the air conditioning process to heating
needs throughont.the community.

OPERATION AS A THERMAL UTILITY

The wastewater HP-ICES was originally conceived without regard to

how the system would be owned and operated. In general, however, it appears

that the system couid be most advantageously operated'as a tnermal utility.
Operation as a thermal utility would require that the central heat

pump, distribution pumps,,and distribution system be: owned and operated

by the utility. Energy supplied to the end-users would be metered at the

point the end-user comnnects to the dis‘tribution system. Eacn end-user

would own and operate his own water-source heat pump system in order to

use the thermal energy supplied by the utility'company.

It is conceivable that any number of utility arrangements ranging

from landlord owned and operated systems in a building complex to metro-

politan systems owned and operated by municipal governments frould be

possible. A private utility company scheme could also be initiated;
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An especially aft;éctive érranéément would be é municipally owned énd
operatéd thefﬁal utiliﬁy serving tﬁé éémmﬁgify's resideﬁfial-énd4commercial
customers. Under this scheme the central heat pump énd‘distfibution systgm
could be operated similar to or as a division of tﬁe water and sewer depart-
ments. Administrative matters pertaining‘to finance andvrevenue coilection
could be handled in a manner similar to water aﬁd sewer services;

The municipally operated utility scheme would'enjoy a number of
advantages including: overall responsibility and control of watef, sewér
and thermal enérgy distributioﬁ‘systems, the ability to finance the system
through municipal bonds, administrative, operatihg and mainﬁenance personnel
familiar with.utility operations and water distribution through piping
systemé. Municipal governments willlalso be better able to'accept the
risks associated with long term ownership and operation of the HP-ICES
concept. |

SYSTEM APPLICATIONS

The wastewater HP—ICES concept may be applied to both new construction

‘areas and retrofit situations. In evaluating an application of the concept,

consideration must be given to both new and retrofit conditions.

In generél, it is anticipated that each end-user will own and operate
his own watef—Source heat pump system. In operating his system the end-
user would purchase thérmal energy from the thermal utility either on a
Btu basis or water flow raté basis. AThere are, of course, special cases
such as a building complex of rental units where §wnership may be retained
by the landlord_and thermal ene?gy may not be metered.

It is apparent that new construction will offer the mést potential
for economic inclusion of the wastewatér HP-ICES concept. The advantages

seen in new construction projects include lower initial cost for end-use
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systems, & minimum amount of ﬁrejudicg ABSOCiated with_qhagging existing
systems, and overali distribution system instéllation economies associated
with,initigl 1nfras;ruétupe'qqnét:uction (#uch as.common trencheé_for thermal,
water, and sewervuﬁilipy systems). .

Thevmore difficult case is the retrofit situatiog where the ‘thermal
utility must be installed.in existing areas requiring relatively expensive
dnitary installation costs and the retrofit of conventional end-use systems.,
In any event; the ref;ofit case will be the more expensive per unit and will

make the HP-ICES more difficult to economically justify.
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2.1

2.2

2.2.1

POTENTIAL APPLICATIONS . -

INTRODUCTION " **
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The goal of'tﬁé;devélbping"Infggréféd'Cdmmunity Enéfgy Systeﬁ*(ICES)

technology is to optimize the available resources in méeting thée energy

needs of various communities through new and innovative methods. -While

:thetprlmary prdaudts of a Heat Pump Céﬂteréﬁslntegrated:CommunityAEnergyASYStem
. (HP-ICES) are low-level thermal energy services for space heating and/or

cooling needs, the tltimate ‘detérmination of the kind, number and amount

of energy services provided should be based on the optimum combination of
energy efficiencies, economics, and environmental comnsiderations. In the
sections of this chapter, factors affecting the‘potential'for application
of this particular HP-ICES, including availability of resources, climate,
economic considerations, institutional/community factors, system reliabil-
ity, and unique application‘conditions, will be discussed; From tﬁese
considerations, a projection of the potential for applicgtion (through the.
year 2000) will be developed.

FACTORS AFFECTING APPLICATION

The aim of an ICES is to optimize energy usage in a community, taking
into account the many factors that may affect that energy usage. The
focus of this section of Chapter 2 will be to catalogue and discuss the
more important factors that will determine the applicability of this'HP'
ICES scheme to various communities.

AVAILABILITY OF RESOURCES

A viable but presently untapped source of low-grade thermal energy
is the heat discharged during domestic energy usage and rejected
heat from industrial processes. Very low-grade thermal energy, degraded

from higher quality sources through domestic chores such as cooking,
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washing, and bathing, is regularly discharged from the individual house-
hold because of its low thermodynamic availability Likewise, waste

heat from industrial processes and heavy machinery cooling systems is

discharged because of its low‘thermodynynic_availability."A'common sump
for this low-grade thermal'energyiis the sanitary sewer collection system
in the community. Depending on the size and make-upiof the community, and
‘the degree of development of the attending sanitary sewer system, billions

of Btu's per day may be available from this thermal source. The assump-

tion that the energy availability of this source hinges upon‘is that the tem-
perature of the community wastewater effluent will be higher than or equa1‘
to ground temperature. Several site-specific variables may_affect the
effluent temperature by a few plus or minus degrees,‘but preliminary in-

vestigation seems to validate this assumption. A quick estinate of the
energy available from this source'can be developed from flow and tempera-
ture data for each site of application. The principal advantage of utilizing
this source is that it would be almost universally available; a community
large enough to consider an integrated energy system nould'in all probability
have an interceptor sewer. system and/or treatnent facility capable of
- supplying enough thermal energy to make this scheme technically feasible.
A second maJor advantage is that the thermal source would require no addi-
tional interface with the Central Station Heat Pump equipment(i.e. the
effluent could be piped directly to the central heat pumps)

of course, several other thermal energy sources, such-a; solar,

combustion of solid or‘gaseous wastes; orlcomposite‘energy'sources could
be considered for easy adaption into an HP¥ICES scheme. However, since

a .community with a thermal energy‘COnsumption density sufficient to justify

an HP-ICES would likely have a well-developed wastewater collection system,
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Wéste&ater heat recovery Qill be évéiﬁaéed as thévprimarf thefmél energy
sburce for éhis péftiéuléf ICES'schémé;’ Othef variatioas in energy source
are discussed in Chapter 7 - IDENTIFIED VARIATIONS.
CLIMATE |

It was mentioﬁed in the preéeding section that the base'assumption for
application of this-scheme was that the minimum temperatufe of the Qastewater
effluent would be apprdximately equal to ground temperature. It is obvious
fromAthis assumption that climate ﬁill have a significant infiuence upon
the operating conditioné of fhe systém by affecting'the conditions of the
thermal energy source, és well as affecting the capacity of the main heat
pump components, and the heating/cooling loads at each end-user location.
The conditions at the thermal source are site;speéific (with climatological
influences) and should be documented according to the recommended measure-
ments discussed in Chapfer 8 of this réport. The addition of auxiliary
thermal energy sﬁurces may also signifiéantly affect the initial conditioms.
Climatological areas of the U.S., and Ehe resultant.typic;l heating loads
and system capacities, have been well documented and will be discussed in
this section. |

For‘the pufposes»of analyzing hea;ing and cooling loads, the United
States can be divided into climatologiéai sectiohs according to the number
of degree-days in a heéting or cbolihg season. (A degree-day is‘based on
the difference between actual éverage 6utside dry bulb temperature and a
65°F comfort index. As an example, one day with an average temperature
of 50°F equals 15 degree-days heatiné:[(65; - T ) x ﬁo. days].

outside

Figure 2-1 shows the heating degree-day regions in the continental U.S.
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SOURCE: Energy Use and Conservation In The Residential Sector: -A Regional

27
Analysis, Rand Corporation

(Heaéing Degree-Day Map of The United States)
FIGURE 2-1° ‘

: : ‘ . 10
In a study entitled "Heat Pump Technology" by Gordian Associates
a comprehenqive cdmputer simulation of the heating and cooling load of a
typical residenceAand commercial building was developed. Aslinput, the
program required various parameters such as building constrﬁétion deféils
and méterial;,‘ofientation, geographic location, and local Qeathei con&i-
tions. (Building details for the simulation model are contained in Apbéndix
A ,) With thelvalidated computer model, the subject buildings could be
artificially m6§ed to.qny climatic region in the4country fo,obtain typicall
heating and cooling ioads. P?ograms were run for 9 cities.in the continental

U.S. . (Weather data for the test cities is shown in.Table A-l of Appendix A;)

The results show loads in the .commercial building ranging from 166,510 Btuh
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heaging in Concord,:N.H. to 206,119 Btuh cooling in Hdust&n, Tz. and in the
>resident1al buildinglfaﬁging from'52,088'Btuﬁ“heétiﬁé'in”Cohcorh to 38,351
'Btuh coéling in Tﬁlsa, Okla. The tabulated resuits éf the simﬁlation can be
found in Tables A-2 and A-3 in‘Appendix A. In généfal, the simulation showed
that the heating and cooling load aﬁd the system heating or cooling capacity
is dependent on outdoor temperature. This generalizafion from fhe éomputer
simulation agrees with the performance data availgble f?om the equipment
manufacturers - i.e., sénsible and total (sensible + iatent)'éooling capa-
cities are functions of indoor wet bulb and indsor and outdoor dry bulb
temperatures. While the practice of artificiélly relocating the simulated
buildings to different climatic regions may not givé an entirely accurate
indication of the community heating load to be placed on a proposed HP-
ICES because of regional discrepancies in building construction andrcommunity
composition and layout, it is effective to illustrate strictiy the climatic
effect on heating and cooling loads.

It must be expiéined'at this point that the type heat pumps proposed
for use in the HP-WHR scheme, water-source heat'pumps, offer an advantage
- over the air—to;air heat pumps modeled in the computer program, especially
in the colder regions. 1In the heati@g mode, with ambient temperatures
lower than 47°F ané relative humidities higher than 60%, standard air-to-
air heat pumps show the tendency to frost on the outside (evaporator) coil.
" To remove the frost, the "défrost cycle'" is aﬁtomaticaliy engaged and
heat is taken from the conditioned space and pirculated to the outdoor
coil to melt the ice build-up. Essentially the unit is cooling the con-
ditioned space during the duration of the defrost cycle, and the inside

air must be temperéd with auxiliary électric strip heat. The overall
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result is a lowered Coefficient of Performance (C.0.P.) for fhe air-to-air
heat pump unit. Since, for a waterésohrcé heat pump, the heat exchange.
takes  place with a water supply that is kept at temperaturesawell above
the freezing point, né defrost ‘cycle is needed. Therefore, the water
source unit offers a higher C.0.P.

Because of the above-mentioned prdblem with icing on thevbﬁtdoor coil
aﬁd the requi?ed‘deﬁrost cycle,'(air—to-air)'heat pumps:have had higher
acceptance in the regions of the U.S. with aismall—to—moderate heating

requirement and a proportionately iarger cooling requirement (notably the

- South). However,'with the thermal energy supplied in a cifculating water -

medium and tfansferfed,(in the heating modes) into the conditioned space

-via 'a water source heat pump, and with a stable thermal energy supply (such

as wastewater effluent), it is expected that system perforﬁance (in terms
of overall C.0.P.) would be acceptable in any of the climatic regions of
the U.S.

- Climatic differences will obviously affect system sizing, .From data

developed in the subsequent chapters detailing performance and economics,

‘it appears that anHP-WHR system sized at 1000 tons (12,000,000 Btuh ex-

- traction rate) and requiring a 3.0 MGD wastewater flow as the thermal source

would serve approxiﬁately 470 typical homes in a New England clime (6820
Degree-days heating and approximate peak load of 41 MBtu/home) compared - -
to 980 typical homes in a Southern clime (2350 Degree-days heating and
approximate peak load of 21 Mth/hoﬁe). To generalize the climatic

effect on system sizing, systems located in colder climes will serve pro-

portionately less end-users than systems in the warmer Climeé for a given

size of central station installation. As a corollary, servicé to a given

number of end-users will require a. larger central station heat pump and
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proportionately more wastewatef flqw?.in the colde; climes. .

Climatic influences.may,also affect the applicability of the HP-ICES
concept in an indi;ect manner.. 'Bgilding.design aﬁd cohstruction and commu-
nity composition and léyéut vary noticeébly from climatic region to region.
For example, in the colder northeast regions, hoﬁsing patterns tend to be
"more dense, the structures more well insulated, and typically there is a
higher degree of industrial development for a given size commpnity. These
charactéristics make the'appiication of an HP-ICES desirable in ‘these
afeas for the following reasons: the denser housing patterns make instal-
lation of a thermal energy distribu;ion system more cost effective; better
insulation decreases somewhat‘thé heat loss from strucfures; and waste
heat rejected from industrial processes into the community's wastewater
collection sysfem increases the amount of thermal energy available for ex-
traction with an HP-WHR system. However, indirect effe;ts such as these
are difficult, if not impossible, to quantify through calculations in
order to determine their effect on the feaéibility of thé HP-ICES con-
cept. They will figure significantly, thougﬁ, into the technical and eco-
nomic viability of a system as determined.in the site-specific performaﬁce
and economic analyses.

Unfortunately, it is beyond the scope of this gtudy to develop detailed
guidelines for determining the applicability of an HP;-ICES on the basis
of climatic factors. Instead, the mgthodology for evaluating the climatic
influeqces on'the feasibility of such system on a site-specific basis will
be developed in the Part II analysis 6f the demonstration communities.
However, to summarize the previous discussions: 1.) C(Climate will directiy

affect the thermal demand related to space heating and cooling that will
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be placed on an Hf—ICES. 2.) System design and sizing (including
determining the number of end-users to be‘served by the system) will
directly depend on the thermal demand on the system and thus will be
affected, in turn, by climate. 3.)' Indirect climatic effects seen in
building construction and community composition will 1nfluence the feasi-
bility of an HP—ICES, albeit through the procedures for performance.and

economic analyses. 4.) System performance (in terms of overall energy

_ effectiveness) is expected to be acceptable in any of the climatic regions

of the U.S.

ECONOMIC CONSlpERATIONS

| Avcritical factor in judging the acceptability of an HP;ICES.to the
community is cost-effectiveness. "It should be'stressed that, although

the saving of fuel may be an acknowledged goal for the country, in a free
market the indiyidual consumer is expected only to pay for efficiency to
the extent that the added investment could potentially benrecovered through
the savings in fuel consumption."10 Thus, consumer acceptance can‘be ex-
pected to hinge uponla favorable comparison of savings in energy costs vs.
additional cost of the ind1v1dual heat pump unit plus the thermal utility
expense. The factors entering into this comparison can be expressed in

an equation for annualized cost:

Annualized Cost (Installed Cost) x (Capital Recovery'FactOr)
+ (Annual Energy Use)bx (ﬁnit'Price of Energy)
+ Annual Maintenance
An HP - ICES can be categorized'as a capital intensive venture by
virtue of the large first—cost associated with‘constructing the Central

Station and distribution system. Such an installation effectively central-

izes a major portion of the energy-related expenses and offers the economies
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of scale availablé in the form o% municipal or insﬁitutiénal energy rates.
Being a capital intensive venture;i£hdﬁéh,'fhe economic viability of such
é system will be significantly affected by the évailability';nd cost of~
capital. Inflationary trends will increase the installed cost of an ICES
(note the importance of installed cost in the equation for annualized cost),
. thus adversely affecting the availability of cabital for such a systenm.
VThe current cost of capital would also figure prominenfly by way of in-
fluencing the capital recovery facﬁbr. As costs and interest rates riée,
either independently or jointly, the result will be a higher system
aﬁnualized cost which must be apportioned to the end-users by means of the
thermal utility cha:ge. |

Individual end-user space conditioning systems, on the other hand,
can be categorized as energy intensive systems. The affects of inflation
on system Installed costs and on availability and cost of capital are rarely
noticed because of the proportionately small expense of the system as com-
pared to the overall cost of a feéidehce, espeéially when the system costs
. are amortized through a typical new home mortgage. Escalating energy costs
(which translate into higher operating costs for space conditioning) are
immediately noticed by the consumer, however, because tﬁis portion of the
annualized system cost is paid "out-of-pocket.'" Because consumers have
becdme so energy conscious of late, the rising trend of energy costs may
be regarded as a major accelerating economic factor favoring an HP-ICES.
In fact, purchasers of space conditioning equipment have indicated in re-
cent surveys (Arkansas Power & Light Co., 1974,I Professional Builder,
197626) that lower operating and maintenance cost expectations were reason-
able justification for purchasing a heat pump, énd that an additional in~

vestment of up to $600 for energy conservation would be acceptable if the
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10
payout were within six years. -

It must be exolained“at this point that there. is a.trade—off to be

optimized according to the end-users' best interest. If the consumer is

to be expected to finance the incremental cost of a heat pump over con-

ventional residential space conditioning alternatives, the Central Station

and distribution system of an HP - ICES must be financed at the most advan-

tageous costs and rates so that, when the.annnalized cost of the system is
apportioned to the end-nseré through the thermal utility charge, the cost
of the thermal'utility plus the nominal charge~for energy (eleotricity)
required to’;un nis system will oonpare favorably with the energy charge
that could be expected for running a more conventional residential space
conditioning system so thatvthe expected payback pe;iod on the end-users'
equipment would fall within an acceptable range.

It is exée;ted‘tha; installation- costs fof“an‘HP—ICES will remain-
well within the reasonable range. The major effect of high costs and
intergst rates would be to make the system less cost—compétitive.with other
individual end-user system alternatives and thus slow the rate at which

new customers would be attracted to tie-in to the system.

INSTITUTIONAL/CQMMUNITY CONSIDERATIONS

‘ Acceptance of an HPC-ICES in the community will depend heavily upon
the acceptance from'the individual consumer. Heat pump equipment_mafkgted
in tho l9§0fs‘and early 1960's had serious problems with performance and
reliability, in adqition to substantial problems with installation and
servicing. The net result of these comoounding pioblems was a general re-
jection of heat pump equipment by the public. HoweVer? recent strides
in improving performance and ohe cunren; focus on energy conservation
seem to be changing the attitude of the consumer. Recent surveys have

shown that consumers would be willing to invest the additional first cost
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of a heat pump (up to approximatély $600) for the:imprbvéd'ﬁerformance and
lower.operating and'maintenaﬂce cssts; A bfief:lodkiat"éonsﬁmer'demographics
supports this contention; the l§76'avéragé new‘home'cést of $48,600 indicates
that the housing market has sﬁifted to a poéitibn'where the heat pump could
be considered an alternative for the average"ne& residential building. Non-
residential consumers seem receptive to the heat puﬁp market if an economic
analysis of system owning and operating cosﬁs projecté a payback period of
from ﬁwo (2) to five (5) years.‘ »

One potential stumbling block to community acceptance ﬁay be fequire—
ments set forth in‘sfate and local building codes. There are no specific
provisions in the model building codes recognized by HUD and HEW (codes:
BOCA, ICBO, National Board of Fire  Underwriters, Southern Building Code
Congress International) that cover heat pumps, although various related
sections that cover mechanical refrigeration, électric strip heat, and
general electrical requirements will apply. Generally, though, there are
no provisions in the model bdilding codes that are seen as overly restrictive.

A provision in the California.Energy Code stating that electric resis-
tance heating cannot exceed 10 percent of the building space heating require-
ment (for non-residential buildings) may prove troublesome. The electric
strip heat of an air-to-air heat pump would fall under this restriction.
However, it should be noted that, since the thermal energy in this HP-ICES
is supplied in a circulating water medium whose temperature will not fall
below the (water source) heét pump balance point, the use of auxiliary
electric strip heat is not anticipated.

Separate performance codes for heat pumps based on the ASHRAE 90-75
performance standard (American Society of Heating, Refrigeration, and

Alr-Conditioning Engineers, Inc.)'aré now -being deVelopéd by the model
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code organizétions; However, sinte the codes are<being developed from
standards alrea&y generally accepted in the industry, these new prévisions,
whose requirements are preéented'below,'are not seen as inhibiting factors.

MINIMUM C.0.P. REQUIREMENT

OUTDOOR TEMP. °F _ " BY 1/1/77 BY 1/1/80
47 Dry Bulb, 43 Wet Bulb 2.2 2.5
17 Dry Bulb, 15 Wet ‘Bulb' 1.2 - 1.5

A last majorlquesﬁion‘in the community acceptance of an HP-ICES
is whether the community, as an entity, will accept ;he idea of an addi—
tional municipal utilify, to be billed in tbe same mariner as electriéity,
water usége or natural gas. -The growing acceptance of the public to heat

{
pumps, plus the growing concern for energy conservation seéem to indicate

a receptiveness on thelpart of the community. "However, the ;ltimate accept-
ance .will depend upon thelunderstanding of the benefits of an HP-ICES:
its iﬁpfovéd pérformance in the task of space conditioniﬁg (as compared
to the more conventional end-user systems) and the resulting cost-effec~
tiveness of such a system. Some form of community education may be nec-
essary to facilitate community'acceptance on this basis. .

2.2.5 RELIABILITY .

Overall system reliability will depend upon two factors: reliability
of the energy supply and its associated conversion/delivery equipmen;, and
the r'eliability of the Central Station heat pump equipment. 1In the resi-
dential sector, a reliability bonus is offered with this system in that
the end-user will utilize a water source heat pump.

An additionalvconsideration in specif&ing an energy sourceufdr a

particular site of application is the degree of reliability that could be '

expected from each available source and its associated equipment. One
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principal reason, aside’from availability, thaf solaf;eﬁérgy or wasté heat
récbvery boilers afe not'utilized as‘priﬁéry ené;gynsoﬁféeé'is the.igter-
ruptable nature of the ehergy supply. ‘A soiar sﬁpﬁly has the obvious dis-
advantage of overcast skies. A waste heat recovery boiler has a two-fold
disadvantage in its dependence on a supply of prepared fuels such as trash
or wood scraps (difficulfies at the processing station or in transportation
would effectively shut down the boiler station); in additiqn to the:neéd

for periodic maintenance (as per insurance regulations and various pfessur—
ized boiler codés) and the potential for forced outages. Wastewater effluent,
on ‘the other hand, is a continuous process flow that should provide -a

fairly constant energy supply. Flow quantities through the sewage treat-
ment plant are cyclic, on daily and weekly patterns, but most treatment
plants have a recirculation provision for the minimum required flow through
the plant that may be utilized as a second tie-iﬂ point on the energy source.
Some allowance can be made for down time on the energy supply subsystem

in sizing the thermal storage capacity in the system. However, engineer-
ing judgement dictates that the least complicated energy supply subsystem

be specified to improve system reliability and to avoid compdunding problems
in other segments of the system.-

A second major consideration in optimizing system reliability is the
.exbected reliability of the equipment to be utilized at the Central Station.
All major brands of heavy HVAC equipment reflect state-of-the-art design
and component selection for performance and reliabiiity, and as such, could
be expected to run for extended periods with little or no maintenance. .
However, in looking ahead to the inevitable maintenance outage, there are
provisions in the design of the Central Station that will minimize the

consequences of an equipment outage and thus enhance the system reliability.
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All major mangfactﬁrers’offer guideiines for selecting and inétalling multi--
ple unigé. Generally, this.type application involves splittiné.thelload
of the staﬁion between two éumps (or moré), each sized at approximately
60% (proportionateiy less if more units afe utilized) of the estimated load.
Depending on sifefspecific conditions and requiréments'such as temperature
supply and fequired temperature of the distribution medium, tﬂe units may
bé cdnnéctéd in a parallel‘or series piping configuratién. Such a design |
would lessen the load on‘both units under all but peak conditions and thus
extend the life of the equipment. Necessary crossover and‘bypéss piping
at the station would also enable each uni; ﬁo serve as a back-up to_the.
other in the évent of a forced or maintenance outage. | |
System reliability wili be judged'ih the end—qsef segmentbnot oﬁly
by the reliability of the thermal service providéd by the Cenﬁral Station
but also by the reliabili;y pf~the equipment required'to u;ilize.it. This
HP - ICES offers the advantages of utilizing water source heat.pumps at the
end-user. Water temperature is.expected to range from 50° to 90°F, where-
"as éir temperature may range from -10° to 95°F. The water-to-air systems
eliminate the need to operate at low heét source temperature conditions,
while the air-to-air Qnits operating at low amBient temperatureé réqﬁife
a high compressor discharge gas temperatﬁre because of the highApressure
‘ratio across whicﬁ the refrigefant must be pumped. The effect is to place
a stress on the air-to;air system compressor énd reduce its reliability.
Thus, it~is beliéved that the reliability of a waﬁer-to-air heat pump unit
would be greaterhgﬁan that of an air-to-air unit of similér cqmpﬁessor |
design.7 |

2.2.6 UNIQUE APPLICATION CONDITIONS

It is not expected that this HP-ICES scheme will be overly. depen-.




2.2.7

" dent on any unique applicatioﬁ COnaitionaﬁl With the wasteWate; effluent

from a communfty providing the tﬂéfmaljénergy input Eo thevsysfem, there
will not be a debendence on'an'énérgy'aourca that ﬁay be pafticaiar,to a
specific.region or community configurafion;"Virtually any community with
a thermal load demand and population density high enough to make an HP-ICES
cost effective will have a sewage treatment facility tha£ could be utilized

in this scheme. In areas where additional resources are available, the

‘wastewater thermal source may be augmented with one or several alternative

energy sources discussed in Chapter 7 - IDENTIFIED VARIATIONS. Industrial

installations within the community that discaarge waste heat (such as a
ﬁower plant) may dictate that the Central Station be 1oca£ed near that
particylar facility, or that a modular Central Station/distribution>system
(one with several thermal energy supplies located in different areas of
the community) be adapted to this scheme. Generall&, the universal avail-
ability of wastewater as the primary energy source will allow a broad scope
of potential applications and the availability of additional resources will
enhance the effectiveness of such a system.
SUMMARY

The following generalizations are offered in summary of the foregoing
discussions of criteria that will determine the applicability of an ICES.
A community is broadly defined as "a complex of facilities (and open spaces)
that are employed in human activities and that are conneaﬁed by networks
for moviﬁg people, messages, goods, and services in the residen;ial,'com—
mercial, industrial, agricultural, recreational, or insﬁitutional sectors
or cambination of sectors' (from Request for Proposal 78—4327)?5. Thus
any ﬁumber of community configurations may be considered aiaandidate for

some form of ICES. The common denominator requirement is that the candidate
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community show a thermal load demand and a population (user) density high
enough to make.a central facility for heat reclaim and its associated
distribution system cost-effective. -Waste heat in ;he'community's waste-

water effluent is expeéted to be the most universally available thermal

- energy source. However, the primary energy supply may be augmented with

one or several other energy supply options, depending on their availability.

Climate will affect significantly the heating/cooling load demanded from

an ICES, and fhus system sizing, althbughAit will not significantly affect

the general applicability of such éssystem. Economic conditions are favorable
for the implementation of an HPw;ICES if éhé system proves cost—cémpetitive
with the options now availabie in residential.and commercial HVAC,A State
and local building codes should not prove to be oﬁerly restrictive to such
an HP-ICES. However, some form of community education mayAbe nécessary

to facilitate acceptance of an ICES. Aﬂd finally, reliability will be a
ﬁajor'consideration in the specification and design of the CentralAStation
énd its associated equipment. With this general cétegorization in mind,

it is obvious ﬁhaﬁ a broad range of communities will qualify for consid-
eration for an HP-ICES basea.onAthe HP-WHR scheme.-

PROJECTIONS -

In order to assess the désirability'of promoting tﬁe‘HP=ICES concept,
it is necessary to quantify the applicability of any particular scheme by
developing estimates of the possible points of application and of the
energy savings that wouid result from'implémen;ation of such a écheme in
theée communitiés.“ Projections for evaluating the applicability of the
HP-WHR écﬁeme will be developed by'examining the potential for thermal.

eﬂergy supply (from wastewater efflﬁent) and the coincident community

space conditioning load that could be handled by an HP-WHR system.




2.3.1

THERMAL ENERGY SUPPLY" -

' From the discussion in'previoué'sections; it ‘can be seen that the "
potential for application of this HP-WHR'scheméwin an Integrated'Community
Energy System (ICES) will be based on the availability of‘cbmmunity waste-
water effluent as the primary thermal energy source. The availability
of this supply will; in turn, be based upon the population that is -serviced
by wastewater collection systéms. The total flow of wastewater available
as a thermal energy sﬁpply is defiﬂed by the following equation:

Available Flow = [(Population at year T)

x(7% Sewered Population)
x(Per capita water consump- _
tion)] + Industrial Discharge ' (2-1)
With the variables explained below.
' Population - ultimate population of service area at the targef‘
date, year T. This projection will be made on a nationwide basis

and thus will utilize national projections for total population.

Percent Sewered Population - the portion of the total population

that is served by wastéwater collection systems and attending
sewage treatment facilities which cou}d be considered for retrofit
of an HP-WHR system. A maximum percentage figure of 70% (.70)
of the total U.S. population connected to sewage systems is taken

“from the Statistical Summary of the 1968 Municipal Waste Facility

Inventory.hl ‘The ultimate figure used in the estimate will be
somewhat lower, as explained in later discussion.

Per Capita Water Consumption - total water use (and discharge) is

estimated using the typical figure for average consumption of-
100 gallons per capita per day (gpcd).3 Variations in flow rangé
from 50% to 170% of the average on a daily cycle. Thus, the actual

instantaneous flow available for heat transfer may vary above or
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below the average ( in gpm - prorated from the average daily flow

figure). However, it is expected that, over a 24-hour cycle, and

4 accounting for the averaging.effect of the thermal storage capacity
incorporated into the system, the average figure of 100 gped will
be available as the thermal energy supply;

Industrial Discharge - water discharged (in'galloﬁs per day average)

' frém industrial processes ihto-the wastewater collection system..
This'figure will vary with eaph éite of application and thus will
be used only'when develéping a.site—sﬁecific.estimate of available
was;ewéter flow. | |

With the total flaw of wastewater a&ailable as the thermal energy
source defined, the total amount'of'heat available from the thermal supply

can be calculated from the following equation:

Q = WC (AT) ' o | (2-2)
Where
. Q = total heat, Btu
W = flow of wastewater, lbs.
C = specific heat of water (assumed to be 1.0 Btu/lbs.-°F)
= change in temperature in supply medium, °F (essentially

AT
. this 1is the heat transferred out.of the wastewater flow).
.A AT of 10°F, widely used in HVAC system design, will be

assumed as the temperature drop across the central station
equipment heat exchanger. :
The two equatiohs can be combined to define the total thermal energy
available, Q (in Btu's), from wastewater effluent as a function of total

populatidn. Thus:

‘Q = ”{[(Population at year T) x (% Sewered'Populaﬁion)
x(Per Capita Water Consumption)] + Industrial Discharge ( )}

lbs. Btu Btu
x{8.33 =4} {1.0 Tb- °F} {aT (°F)} day
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Which reduces to:

(Population at year T)‘x'(i Sewered Populétion)

Q =
: _ ' Btu
X (lQO) x -(8.33) x (1.0) x (10) E;; :
= 8330 (Population) (% Sewered Pdpulation) %ﬁ%
Q =.3.040 x 10% (Population) (% Sewered Population) g&g;(2‘3)

Note that Industrial Discharge is deleted from equation
2-3 and will be used only in site-specific analyses.

THERMAL ENERGY DEMAND

With the quantities of thermal energy available from wastewater de-

fined, some consideration must be given to the balance between energy supply

‘and demand in order to determine the number and size of communities which

may be considered for a HP-WHR system application.

From data developed in the subsequent performance and economic analyses
(and discussed briefly in section 2.2.2 - CLIMATE), a central station
installation of 1000 ton capacity would require 3. O MGD wastewater flow to

supply the heating requirements of 470 homes in a New Englénd clime with

‘approximately 6820 degree-days per heating season. (Note: System per-

forﬁance in a New England clime 'is used as the basis for this evaluation
because performance duriqg the héating season is seen as the limiting
crigerioﬁ in optimizing the balance between thermal energy supply and
demand on the system. Thus, defining flow Quantities on the baéis of 
satisfactory performance in a3 cold climate will throw the ultimate estimate
of the number of communities to be considered‘for.such'a system to the
conservative side.) Prorating the flow requirements to each residence

gives a minimum flow per home of 6383 gallons per home per day (%S%E:EE; .

From a technical standpoint it would be possible to size, design, and
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: insta;l an HP-WHR system for perﬁaps as few as 5 homes, although the
chances for‘econbmic viabilify of sﬁch‘a small system would be very slim.
Therefore,‘td faéilitate system design and construction and to accelerate
the economic recoverybof the s&stem capital costs, the‘smallest systém to
consider would cover an approximate 100 home éervice area. The waste-
watér flow required for this service area would then be 638,300 gallons
pér day. This figure, divided by the 100 gallon per capita per day average
water consumption figufe, glves the population of the theoretic minimum
size community.that could be considered as a candidate for an HP-WHR
system: 6383. persons. With alléwances for minor yaria;ipns in heating
loads, éetvice areas, and_iﬂdustriél distharges, and to facilitate tth
-derivation of community and population estimates from available statistigs;
communities with populations of 5000 persons or more will be considered
candidates for an HP-WHR system. . It shduld be noted here that an ICES

(and in this case an HP-WHR system) can be applied ﬁo a total community

br just to portiomns of it. The'HP-WHR concept depends_uppn.thé idea of
reclaiming waste heat from the total floﬁ of community wastewater and
distributing it into certain viable éervice areas, not necessarily the

full communityL Thus, an HP-WHR heating system serving a small area
intégréted wiﬁh a wastewater collection system serving a larger area does
no£ contradict the ICES conceft. ﬁoweﬁer, defining avmiminum population
limit for communify size is necessary when considering.the balance between
the¥mal‘energy supply and demand on the minimum ;cceptablé size systen.
With the consideratipns of thermal energy supply outlined in the preceeding
section and the above mentioned guidelines on community size, éstimates

of the number of potential sites of‘application:and the potenfial energy

 savings can be developed.
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ESTIMATES

Estimates for -points of application and-for energy conservation to be
made on a nationwide basislwill necessarily be based on a set of aSSumbtioﬁs.
The following discussions detail the assumptioné pertinent to the estimates
to be developed in this section:

* A community of 5000 persons or more would discharge enough waste-
water (and thus enough thérmal'eﬁergy) to service the minimum
acceptable system size of 100 homes. As community population
incréases above 5000, a proportiOnafe increase in thermal emnergy
becomes available thrpugh the community wastewater, and'the po-
tential for expanding system service area increases correépond—
ingly.‘ Thus the additional thermal energy made available by in-
creased populations will bexutilized at some point in thg HP-WHR
system.

The statistical breakdown of comﬁunity sizes and attending

sewage treatment facilities from the 1968 Municipal Waste Facilities
Ihventoryél (reproduced in Appendix A as TABLES A-4 and A—S) re-
veals that 59.53% of the total U.S. population resides in com-
munities of 5000 or more and are connected to a municipal waste-
water collection sysﬁem with attending treatment plant. Deriving
an estimate for the most optimistic market penetration, barring
any acceptance barriers exdept techﬁologicél, dictates ‘that the
' full potential for wastewater heat reclaim be realized. There-
fore, the full 59.53% (.5953) of the total population, who reside
in communities of sufficient sizeé to be considered as candidates
for an HP—WHR'System, will be used as the percent sewered pop-

ulation figure in developing the estimate.
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* From the statistical breakdown in TABLE A—4; the number of po-
temtial sites of application (i.e. communities'with popuiations
of over 5000) is 3795. _Extremely large communities (over 100,000)
are incladed in this numoet because it‘is expected that, in these
communities, wastewater. collection and treatment will be segre—
gated’among several treatment facilities, thus providing the
opportunity'to install either segregated systems or moaulat
central atation facilities. The number of acceptable sites is
not expected to change during the projection period &ue to the
fact that new or planned communities would necessarily have to
undergo several years of growth before artiving at a stage of
development'when an HP-WHR system would become a viable option.
Theae communities ahould not be dropped from consideration, how-
ever; for such a system since new community developments would
'provide>amjidea1 site of’application fot anﬁICES, designed from
scratch and optimized for the particular community configufation.
They simply cannot be included in this projection because of
insmfficient data.

®* The population increase within each potential site'of apblication

will be assumed to be directly proportionai to the national‘pef—
centage increase in population during the projection period.

Existing~facilities or facilities now under construction will

be asscmed to. supply sufficient'sewage treatment capacity to

handle tﬁe prooortionate population increase duriné the pto—

jection period.,

It should be noted that the number of satisfactory sites and~

the estimate of percent sewered population is conservative due
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to the fact that they are béséd on éoméwhafuout&éted (1978)

LTy
-

data.

Beariﬁg in mind thé.above aséumpfioné#;nd'utiliziné'the thermal enefgy
supply approximation shown as equafioﬁ12—3; the enefgy reclaimed from com-
munity wastewater, on a nationwide basis by coﬁmunity'energy systems based
on the HP-WHR concept, would Ee calculated thusly:

1980 U.S. Population - 221,848,000 (est.)

% Sewered Population - 59.53%

) = l 6 Btu

Q 3.040 x 106 (221,848,000) (.5953) oo
= 401.48 x 1012 Btu_
year

Derived through this approximative method, TABLE 2-1 summarizes the
‘amount of thermal energy potentially available for space conditioning needs,
from a starting date of 1980 to the year 2000 (ipclusive), extracted from
community waétewatér through HP-WHR systems installed at the 3795 potential
sites of appiicationL |

The net energy savings attributable to utilization of the HP-WHR concept
is directly proportional to the optimized system C.0.P., as shown in the
following general equation:

(2-4)

Qnet - QTotal - QTotal_

C.0.P.

Thus, the delivery of 9040.48 x 1012 Btu at an overall system C.0.P.

of 2.245 (from Chapter 3 - EXPECTED PERFORMANCE, with a nominal wastewater
temperature of 70°f) requires the energy expenditure of 4026.94 x 1012 Btu
(or 1.179 x 10'? KwH). This expenditure leaves a net energy savings of
5013;55 x 1012 Btu, over the period 1980 - 2000.

‘Utilization of this amount of thermal energy form a‘previously wasted
sourée also implies a savings in other forms of primary energy. The com-
parative savings are developed from the following assumptions (from Reference
10):
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'TABLE 2-1

HEAT EXTRACTED FROM WASTEWATER - -

YEAR
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
£ 1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000

TOTAL

" POPULATION (EST.)

221,848,000

223,661,000
225,474,000

-'227,287,000

229,100,000

230,913,000

232,547,200 .

234,181,400

235,815,600

237,449,800

239,084,000

| 240,385,400

241,686, 800

242,988,200

244,289,600

245,591,000

246,610,000

247,629,000
248,648,000
249,667,000

250,686,000

Q/YR
BTU x 10!

. 401,48
s4o4.76
408.04.
411.32
414.61
417.89
420.84
423.80
426.76
429.72
43;.67
435.03
437.38'
439.74
442,09
 444.45
446.29
448.14
449,98
451;83

453.67

9040.49 x 10!2 Btu

POPULATION ESTIMATES: "Population of the United States"44
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Electric Energy: An average plant heat rate of 10,300 Btu/kwh

is used to convert §n—site-consumptioﬁ to resource energy (coai)
consumption by‘a generating station. Transmission and distribu-
tion losses of 9% are assumed;_ High heating value (HHV) of
12,000 Btu/1lb for coal is also assumed. |

Fuel 0il: High heating valﬁe is assume& to be 139,000 Btu/gal;
no transmission or distribution lossés.

Natural Gas: High heating value of natural gas was assumed to
be constant at 1,000 Btu/CFT; 8% transmission'and distribution

losses are also assumed.
Note: Sample calculations are contained in Appendix A.

Table 2-2 summarizes the net savings in algernate primary energy
sources, based on the utilization of the. thermal energy reclaimed by
the HP-WHR sysfem. Total primary energy source savings at the year 2000
represent 687 million (687 x 106) tons of coal, or 859 million (859:{106)
barrels of fuel oil, or 5.42 trillion (5.42 X 1012) cubic feét of natural
gas. Obviously, from this comparison, a vast potential for primary
energy resource conservation can be realized by the development and

implementation of an HP-ICES based on the HP-WHR concept.
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*_bERIOD

1980-85

1986-90 .

- 1991-95

1996-2000

TOTALS

1.) NOTE:

"TABLE 2-2

PRIMARY ENERGY SOURCE SAVINGS"

NET THERMAL - . - . " PRIMARY ENERGY SOURCE

ENERGY SAVINGS - EQULVALENCES
. 7 CoAL OIL - . GAS

12 — | . o .
Btu x 10 ' . LB'x 108 - GAL x 106 - | CFT x 1012~
1363.18 - 373,680 . 9807 1.472
1183.33 . - 324,319 - 8513 . 1.278
1219.32 ' . 334,244 - 8772 1317
1247.72 342,029 8976  1.348

- 5013.55 x 10%? Btu 1,374,332 % 10° LBS 36.068 x 10% GALS 5.415 x 1012CFT

" 5.014 QUADS - WHICH IS _
- EQUIVALENT TO 687 x 1o§ LBS or 859 x 10® BARRELS or 5.42 TRILLION CFT -

.NET THERMAL ENERGY SAVINGS IS COMPUTED FROM EQN. 2-4



3.0

3.1

3.2

EXéECTED PERFORMANCE

INTRODUCTION

.+ The scheme of'ﬁP-WﬁRAsyéféﬁ_for a'commﬁhity is explained in the section
on system description. For purposes of thermodynamic anal&sis,,a schematic
of the HP-WHR system that includes: one end-usgf'heat.pumn, one central‘
station heat pump at the treatment plant, a water storége reservoir, and -
disfribution lines is shown in Figurg 3-1. A:Similar s&stem for the cqoling
mode is shown in Figure 3-2. It is poésible tﬁat a number of central station
heat pﬁmps may bé used depending on the applicatioﬂ.

In the thermodynamic model for the heatinglmode. wastewatef effluent
at constant temperature from the treatment plant enters the central heat
pump where its thermal energy (ﬁeat) is extracted and delivered to the
distribution medium (water). The distribution water enters a thermal .
storage tank to provide a waterlsupﬁly at constant temperature to the end-

user heat pumps. After delivering heat to fhe heat pumps, the water is

‘returned to the central unit. The reverse process takes place for the

cooling mode in which the energy is ultimately rejected to the effluent.

Calculations of the energy requifements of the HP-WHR system using central
heat pumps are presented in Section 3.4 Analysis of Results. The results

of a distributed water-to-air heat pump system deleting central heat pumps

~are also presented. The performance results are compared with those of

the conventional systems.

SELECTION OF CONDITIONS

In the selection of wastewater effluent temperatures for estimating
the peak load and normal load performances of the HP-WHR system, efforts

were made to correlate wastewater effluent temperature with the outside
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3.3

air temperature. The wastewater effluent temperature depends on factors

“such as the time of day, grpund';empefatﬁré, outside air temperature, and

the presence of thermal dischérgeé from industrial processes. ‘Therg is
also the time—lag associated with the temperature change of the reservoirs
or lakes as the water supply is drawn into community systems when seasonal
changes in air temperatures occur. It is therefore believed thaffthére

can be wide variations in wastewater temperatures even within the same
éeographicai‘regioh; Based on site-specific observations and study of various
reports it is observed that the wastewater effluent tempe:atureé (in parts'
of Canada) have ranged from lower 40's (°F) to upper 90's (°F);2°‘22‘ ZOne
of the studies reports the average'annual.wastgwater temperature.at a plant 

in the North Chicago area to be between 50°F and 60°F.20 1t is also observed

. that wastewater effluents undergo. temperature changgs during the treatment

processes.

- In this study, effluent temperatures of 50°F, 60°F, 70°F, and 80°F
have been chosen for analysis. It is believed that these temperatures are
representative of a number of locations in the United States.

SYSTEM COP AND ENERGY CONSUMPTION

The coefficient of performance of the HP-WHR system (gr:air-to-air
system) is defined as‘the,rétio_of the heating or cooling efféct provided
to the space at»the end-user lqcation divi&ed by the energy'équivalént
of all energy inmputs:including compressors, pumps, aﬁd losses. .This pro-
vides a measure for comparing the energy consumption.of.theAHP;WHR system
with that of qonvéntional systems. |

The system energy. consumption in providing heating or codling is:
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3.4

3.4.1

E 1
system COPsystem

,

}Eszstem ' (3-2)

Primary Fuel EnergyAConsumption'(baSédvop'fossilvfuels)
' ' 0.31

Where

0.31 = Ngeneration * Mtransmission * "distribution

NOTE: The value of 0.31, which is the overall efficiency of conversion of
primary fuel energy to uéeful electrical energy and transmission to
application, is taken from Referenpe-4. This value is assumed
for calculation, but is subject to variation.

ANALYSIS OF RESULTS

HEATING MODE

Peak Load - The system COP value§ were calculated for the given design
loads (peak) as a function of the temperature of the effluent as it enters
the evaporator of the central heat pump. The results are presented as Figures
3-3 and 3-4 and summarized in Table 3-1. The temperature of water entering
the end-user unit was held constant at 80°F. The Coefficient of Performance
of the HP-WHR system increases by only 3.8% as the temperature of the effluent
increases from 50°F to 80°F. This is to be expected because the COP of the
end-user unit is held at constant value (relatively high) at the entering
water temperature of 80°F, and the end-user unit consumes a greater share
of the total energy input. Using equation 3-1, ﬁhe.energy required by the
HP-WHR system to déliver 1 Btu of heating load is also listed in Table 3-1.
These electrical energy values were translated to primary energy requirements
by using equation 3-2 and are also shown in Table 3-1. For the purposes
of comp;rison, similar data for an air-to-air heat pump is presented as
Table 3-2.

Typical Heating Load - At heating loads lower than design heating
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TABLE 3-1
HP-WHR SYSTEM

Design Heating Load = 55000 Btuh .
" (Based on -20°F outside air temperature and 75°F inside air temperature)

Effluent . Temperature of Water - .coP - ' g~ Btu E a a §£g
TemperaEuEeAua' - Entering End-user-°F . System System Btu : Primary Fuel Energy Btu
50 80 . 2181 - 0.4585 4 f" . 1.479
60 ' | 80 | o 2,219 0.4506 o 1.4
70 _: S 80 - : 2.249 | 0.4446 o 1.434 |
80 'A; . 80 C2.264 o owslr 1.425
| | | ' 2.228 Avg. o |
60 | o 95 : 2.209 0.4527 1,460
70 . o S 2aa 0.4460 1,440
0. e . 2260 0.4425 1.427.

2.233 Avg.



TABLE 3-2
AIR-TO-AIR HEAT PUMP

Nominal COP = 2.8 Heating Mode

Outside Air COP‘ , Btu C '
Temperatur¢—°F Heat Pump | 'EReqpired‘EEE EPrimary Fpel Energy

=20 . 0.672 | 1.488 O 4.800

0 . 1.652 B 0.605 = | ',1.953

© 10, | 1.932 : 0.5175 | 1.669

G 20 2.016 T 0.496 | | 1.600
25 2.219 ' 10.4506 - ©1.453
47 2.753 : 0.363 | ©1.170

NOTE: The COP values of air-to-air heat pumps were computed using the information given in Unitary

Air-to-Air Heat Pumps.ﬁ




3.4.2

of an equation for the part load performance of water-to-water heat pumps.

the equipment would be operating at part load resulting in cyclic operation.

Cyclic operation results in a loss of efficiency Information in the form

is available (Reference 5) but precise informatiqn on the part load per- - |
formance of water-tc-air heat pumps is not}available. Information from

Reference 10 on part load performance'of air—to—air neat pumps indicates

that, at heat loads of 15% of rated capacity, the cyclic operation of a

heat pump can result in a decreased COP. of approx1mately 30% of the full-

load, steady state value. At loads on the order of 80% heating, the‘decrease

in COP is about 4 to 57 of its steady state. value. These figures apply to

.air—to—air heat pumps and are based on the experimental :work bypKelly &

Beanl", and Parken & Beausoliel.?3

‘Cooling Mode - The results of the cooling mode,analysis are presented

in Table 3-3 for wastewater temperatures of 60°F and 80°F, and the COP values
are used in the calculation.of annual energy requirements.

SIMULTANEOUS HEATING AND COOLING

The need for simultanecus heating and ccoling.arises-wherevin certain
buildings of the community, the internal heat gains exceed the heat loss
from the building. This may nappen in the early periods of the’Fall and
Spring seasons. ASince the heat rejected to the distribution nater“by tﬁe

end-user heat pumps operating in cooling mode acts as a heat source for the

heat pumps operating on the heating mode, the work input to the central

heat pump will be reduced - The extent of the energy saved during this
type of operation will depend on the relatlve distributlon of heating

andpcooling loads. In the special case, when: the total heat rejected



Wastewater Temperature
Entering Central Unit-°F

60

80

" 80

TABLE 3-3.

HP-WHR SYSTEM PERFORMANCE COOLING MODE

‘Btu

Btu

Water Temperature COP
Entering End-User Unit-°F System
40 1.913
40 1.874
50 1.843

System Btu ~Primary Fuel Energy Btu

0.523
0.534

0.543

1.686
1.721

1.750



3.4.3

3.4.4

by the end-user hea£ pumps.operati§g in,thé cééling moae 1s absorbed

by the heat pumps operatigglih_the heatiné méde, the central heat pump
will require no work input. Sucﬁza‘situation can be obtained by severai
combinations of heating aqd cooling loads, units with &iffgreﬁt COP's,

etc. In the section'ﬂn apalys£s, a model cénsisfing of two end-user

units is analyzed by ﬁeans of an example; It is shown that, for two
end-user_unité of idéntical COP values, the work input to the central

unit is zero when the rafio of heating load/cooling’loadv= HRFZ, whefe

HRF is called the heat‘rejectionAfactor defined‘in the section on analysis.

ANNUAL ENERGY CONSUMPTION -

The annual energy consumption by the HP-WHR system and other con-
ventional systems are caiculéted and the total energyirequiredAby resi-
dences-iﬁ the ﬁOrthwest Central region and the South Atlantic region are
listed in éhe Table 3-4. 1In the calculation of the annual:eperéy con-
sumptions by thg'HP%WHR system and o;her conventional systems, theAchaﬁters '
on energy estimﬁting methods of the ASHRAE Handbbok and Product Directory,
Systems Volumes 1973 and 197642 were consulted. The use of thé bin method
of calculation could not be used because data on'?art 1oad perfqrmance A

of water-to-air heat pumps was not available. However, the dynamic

- efficiency loss factors were considered in accordance with the data

derived from Reference 10.

OBSERVATIONS

The ‘results of this study indicate that HP-WHR syétems perform
better .than the air-to-air heat pumps in Northern locations, at outside
air temperatures down to 25°F in the heating mode.

The Coefficient of Performanceé of the HP-WHR system varies with
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TABLE 3-4
ANNUAL ENERGY CONSUMPTION*

ANNUAL PRIMARY

GEOGRAPHICAL HEATING SEASON COOLING SEASON E ANNUAL - FUEL CONSUMPTION

SYSTEM v REGION MBTU/SEASON MBTU/SEASON _ MBTU/YR MBTU/YR

HP-WHR NWC - 32096 : 4398 36934 119142

- sA 17898 - . 15306 32942 106264

AIR-TO-AIR NWC 47210 ‘ 3861 51071 o 164745

HEAT PUMP SA 16478 , 14077 30555 .. 98564

N CONVENTIONAL _ | T ' .

FUEL NWC ' 155717 : 12454 . 168171 . 168171

‘GAS (WARM-AIR) SA 87068 A 45409 132477 N 132477

. ELECTRIC NWC 65244 : 3861 69105 - 222919

SA 36481 . ‘ 14077 50558 - 163090

*The annual energy consumption listed in this table is based on design loads.

NWC - North West Cenfral Region
SA - South Atlantic Region




3.5

effluent temperatures;‘but no to a great degree. As seen in Table 3-1
and Figure 3—1, the system CoP increased by only 3.8% when the effluent
temperature changed from 50° F to 80°F. '

In the cocling mode,~the air-to—air;heat{pump performs hetter than
the HP-WHR system. Compared to a conventional heating System'(gas warm-air -
furnace), the'HPFWHk system consumes'a greater,amount of primary fuel both
in the Northern and Southern,locatidnsl‘”‘"

Distributed water—to-air heat pumps consume less energy compared to
the HP-WHR systems using central heat pumps. The results in Table 3-4
indicate that the system QOP is high, and in general, the system performs

better than conventional heating systems, such as air-to-air and gas furnace-

warm air heating systems on the basis of primary fuel consumption. A variation

of the HP-WHR scheme is discussed in the next section. -As shown in the example
in Section 9.4.6, the simultaneous heating and cooling mode of operation im-
proves the performance of the HP-WHR system.

HP-WHR‘SYSTEMS USING ONLY DISTRIBUTED WATERrTO—AIR HEAT PUMP87

" The use. of distributed heat pumps (with no central heat pump) using heat
from wastewater effluent as the source of energy is possible if the waste-

water is at a sufficiently high temperature to allow for heat transfer to

‘the distribution waterlby_meansﬂcf a heat exchanger. If suchAccnditions

are obtainable, the scheme would be as shown in Figure 3-5. This system

COP ‘is found to be higher than the HP-WHR system using central heat pumps. .

But at lower effluent temperatures, the size of the heat exchangers would

have to be very large to allow for sufficient quantities of heat transfer,
and the pumpingnlqsses resulting from increased flow rates of water would.
be -high.

The COP‘system‘and:energy requirements are listed in Table 3-5.
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WASTEWATER THERMAL ’ ﬁ‘

STORAGE

DISTRIBUTED WATER SOURCE HEAT PUMP SYSTEM

FIG. 3-5
TABLE 3-5
Effluent Distribution System corP . E .E Primary
Temperature Supply Temperature Distributed System Systems Fuel Energv
80°F 60°F 2.779 0.360 1.16
70°F SO°F 2.562 0.390 1.258
65°F 45°F ' 2.528 0.395 1.274
3.6 SUMMARY

In summary, it is the belief of the authors that this report demon-
strates the HP-WHR scheme as a potentially viable ene;gy supply alternative
for §omé séecific applications. The actual detgrmination_of feasibility

A'and.expected pérformance are highly dependent on site—séecific physical
haracteristics and‘local econpmic conditions, and will be.add:essed in

the Demonstration Community Application Study in Part II of this report.
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4.0

4.1

4.2

4.2.1

EXPECTED ECONOMICS

INTRODUCTION

‘The consumér will ultimafély pay the costs for either a cbnveﬁtional~
heating and cooliﬁg syétem df a_Héat Pump - Wastewater Heat Recovery Sys-
tem. For that reason, any economic'adVAﬁfages the HP-WHR scheme may have
to offer must be fully exploréd gnq.dbcumented.

" This reﬁoft‘section is concerned with the expected ecdnomic performénce
of“;he‘HP—WHR system and with conventional natural gas, air-to-air heat pump,
and electric ;esistance heating systems. First costs, operating costs, and
maiﬂtenance costs of the various systems will be estimated and used in a
net present value comparison of the considered alternative. o

SYSTEM DESIGN

It is demonstfated in the expected performance section that overall

system efficiency is dependent on effluent source tgmperatures ahd end-

‘user loads placed on the system. ' For the'purpose'of economic ‘evaluation,

 two gedgraphic locations were chosen as representatives of extremes in

climatologiéal differences encountered throughout the country. Effluent
temperatures were assumed to avéfage 60°F in the winter months and 80°F
in the summer months.

END-USER LOADS

End-user'heating’and éooling loads were developed using the Rand

Corporation's Energy Use and Cdnservatién‘in the Residential Sector:
A Regional Analysis , Report Number PB-254~468, June 1975. Data for

the northern type climate was selected from the New Engiand Area sta-
tistics and datd for the southern type climate was selected from the

West South Centgal'Afea. The size of:a typical residence was taken.
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4.2.2

as the nafional average of 1185 square feet. Table 4-1 is a’ summary of

the data used.

Table 4-1

Typical End-User Heating and Cooling Load Data

. 4 Approx. Peak Load Annual Energy
Annual - Annual . MBtu/Hr Requirements* (MBtu) -
CLIMATE = HDD CDhD Heating Cooling Heating Cooling
 Northern 6820 1200 4125 105,465 18,960
Southern 2350 2750 21 32 37,920 45,030

"HDD = Heating‘Degree Days

CDD = Cooling Degree Days

*Figure 7, Reference 27

DESIGN ASSUMPTIONS

In performing the economic analysis, several assumptions about the
configuration of the HP-WHR system were made in order to develop unitized
costs. These assumptions are not, in any way, intended to illustrate an
optimum system design or limit the thinking of a perspective system de-
signer when applying this concept.

The assumptions used were as follows:

1. The heat extraction by the central heét pump is 12,000
MBtu/Hr for 20 hrs per day, 5 days per week. Total heat
extraction per month of 5.2 x 107 Btu.

2. Average system heating C.0.P. of 2,2.

3. Number of end-users served is determined by dividing the
monthly heating energy deliverable from the system by the

typical end-user requirements in a January month.

4. Thermal storage capacity determined by the energy required
by all end-users in 4 consecutive average heating days
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4.3

during the month of  January. Tempera;ure pull-down of

storage of 30°F.

5. Variable flow pumping, resulting in a constant percentage
of pumping energy to system delivered energy.

6. Negligible thermal losses.

1

Using these assumptions, the following system configurations were

used.

Northern Climate

Central Heat‘Pumﬁ Extraction Rate

Circulation Pump Horsepower

Thermal Storage Vessel

- Distribution System Length‘

(NIC run-outs to end-users)

Longest Piping Run (Supply & Retdrﬁ)
Number of End—Uéers

Distribution Pump Horsepower

Southern Climate

Central Heat Pump Extraction Rate

Circulétion Pump Horsepower .
Therﬁal Storage Vessel

Distribution System Length
(NIC run-outs to end-users)

Lbhgest Piping Run'(Supply & Return)
Number of End-Users

Distffbution Pump‘ Horsepower

FIRST COSTS
-First costs for the:variods.SYStem components were developed with

the -aid of R.S. Means, "Buiiding Construction Cost Data 1978."% Unitary
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5.2 x lO?’Btu/Mo.

5.2 x 10° Btu/Mo.

75 hp
5 x 106 gal
61,100 ft
9,900 ft
470
450 hp

75 hp
5x 106 gal
127,400 ft
13,950 ft
980
‘625 hp
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3.1

equipment costs ﬁere'ﬁakeh ffb@'theJICES teéﬁnology’eQalgation repprts;
ANL/CES/TE 77-9, "Uﬁitary.ﬁater to Air Heaf Pumps"' aﬁd ANL/CES/TE 77-10,
"Unitary Air-to-Air Heat Pumﬁs”. Sﬁpplemental information was also ob-
tained from local equipment distributors. |

HEAT PUMP-WASTEWATER HEAT RECOVERY SYSTEM

The HP-WHR system cost estimate 1s broken into three sections:
Central Plant, Distribution System, and End-User Systems. An approximation
for each system was made on a unitized basis assuming a Central Heat Pump
heat extraction rate of 12,000,000 Btu/hr and end-user heat pumﬁ sys-—
tems with an installed heatigg'capacity of 46.5 MBtu/hr and cooling
capacity of 40 MBtu/hr at ARI standard 240-75 conditions. The dis-
tribution system.was assumed to serve éustomers at an average.pipipgx
length of 130 ft per customer,‘and an additional 150' ft of run-out ;iping
from the distribution system to the end-user.

The following costs were developed for the Central Plant and the

northern and southern climate distribution system schemes:

CENTRAL PLANT

. Material &
: Item Installation

Central Heat Pump $144,200
Pump for Circulation ‘ 30,000
Interconnecting Piping and Valves 120,000
Control Systems | >‘ 18,000-
Inte?face Modifications with Sewage Treafment Plant 80,000
Building to House Components (3,000 sq. ft.x $20 sq. ft) __ 60,000
| SUBTOTAL , $452,200

257 Contractor & Engineering Fees : | 113,650
TOTAL o $565,250
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Northern Climate

Distribution System.

' Material &
Installation
Central Storage Vessel

5,000,000 gal x $.01 per gal = : _ $ 50,000
Variable Speed - Distribution System Pump 70,000
Distribution System Piping = A

3,050 ft (10" pipe) @ 12.80/ft.

6,100 ft ( 8" pipe) @ 10.10/ft

6,100 ft ( 6" pipe) @ 7.45/ft

33,500 ft ( 4" pipe) @ 5.65/ft S : :
12,200 ft ( 2" pipe) @ 3.15/ft . ' - 374,085
SUBTOTAL N $494,085
257% Contractor & Engineering Fees .‘ ,123!526
TOTAL . . : $617,605
Southern Climate
Distribufion System .
' o ‘ Material &
Installation
Central Storage Vessel . . :

5,000,000 gallons @ $.01 per gal $ 50,000
Variable Speed - Distribution System Pump : 80,000
Distribution Sysfem Piping |

6,370 ft (10" pipe) @ 12.80/ft

12,740 ft ( 8" pipe) @ 10.10/ft
12,740 ft ( 6" pipe) @ 7.45/ft .
70,070 ft ( 4" pipe) @ 5.65/ft : .
25,480 ft ( 2" pipe) @ 3.15/ft ‘ . _781,280
" SUBTOTAL $ 911,280
25% Contractor & Engineering Fees ‘ . o : 227;820

TOTAL $1,139,100




4.3.2

4.3.3

4.4

Unit Costs Associated with Each End-User: -

Water Metering Equipment S ' - $200
. 150'-3/4" Run-Out Piping @ $1.5 per ft 225

TOTAL : $425

END-USER SYSTEM COST

The installed cost of an end-user '"water-to-air" heat pump system was
taken té be $2,000. Since all con&entional systems compafisons:will assume
a forced air distribution system, the installed costs presented herein do
not make any allowance for ductwork, insulation, grilles, and associated
installation. These costs also refer to new installation and are not
necessarily representative of retrofit conditions.

CONVENTIONAL SYSTEM COSTS

Only end-user costs were developed for conventional systems since
accounting for energy-supply equipment costs and distribution system costs
are included in the energy charges paid by the consumer. The equipment

costs for each of the conventional alternatives is as follows:

Gas Heat/3 Ton Elect. Cooling: V $2,200
Alr-to-Air Heat Pump: $2,900

Resistance Heating/Electric Cooling: $2,250

OPERATING COSTS

Operating costs were devéloped from the efficiency analyses presented
in Section 3 of this report. It was assumed thaf electrical power for
central plant equipment is purchased from a utility at a reduced cost
per kwh due to the tiered rate schedule applied to industrial/commercial
type customers. Residential electric power would be purchased on an

individual basis. Where combined energy costs are given for the HP-WHR
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scheme, it is assumed that residential electric energy cost per kwh is -

1.5 times the centfal emergy plant cost. The cost of thermal energy from

the HP-WHR scheme to the end-user is discussed in a‘subsequent section.

CENTRAL STATION- AND DISTRIBUTION SYSTEM OPERATING COSTS. .

The input energy for delivery of heating energy and dissipation of

coolinglenefgy'by the central plant were déveloped from the performance

analyses of Section 3. Appendix B gives a cdmpiéte breakdown of how

energy quantities were derived.

A summdary of the electrical energy required for each of the central

plant components is presented in Table 4-2.

Table 4-2
' CENTRAL PLANT

Eléctrical Energy'Requiremenfs

Northern Climate

Central Heat Pump '
Heating
Cooling
Cifcdlating Pump

Distribution Pump'

Auxiliaries '
TOTAL -
Southern Climate
Central Heat Pump
Heating
Cooling
Circulating Pump
Distribution Pump
Auxiliaries
'TOTAL

71

__kwh/yr

11,392,905

632,485
224,282
1,027,858

12,000

3,289,530

1,043,600
3,131,060

594,990
1,190,615

12,000

5,972,265




bob.2

Figure 4-1 presents the annual electricity costs for the central plant

END-USER OPERATING COSTS

.under Qifferent.averagé energy costs ranging from 2¢ to 4¢ pef‘kwh.

The typical end-user 1is assumed to have‘thé heating and cooling load’

requirements preéented‘in Table 4-1. Based of those requirements and

seasonal coefficients of performance of 2.75 for heating and 2.9 for

cooling, the following end-user ‘electric energy requirements were determined:

Table 4-3

HP-WHR System

End-User Electric Energy Requirements

Northern Climate

Kwh/Yr.

Cooling ' 1,915
Heating : 11,236
TOTAL . 13151
Southern Climate

Cooling 4,549
Heating 4,040
TOTAL 8,589

Cost/Yr.

$115
674

$789

$§273
242

$515

The cost per unit for electrical energy was estimated at 6¢ per kwh.

In addition.to the electric energy purchésed bylthe end;usef, an

addipional charge would be made for the thermal utility service from the .

central plant. These charges are explained in Section 4.6, and for the

examples given, would be as follows:
Northern Climate - $590 annually

Southern Climate ~ $469 ahnually
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4.4.4

TOTAL HP-WHR SYSTEM OPERATINC COSTS

Figure 4-2 is a gfabﬁvofktBtai'éyséem.eﬁergy.cbsts to the end-user
at several electric energy rates. This graph was developed by adding

the end-user's cost of electric and thermal energy. Comparisons with

. conventional systems presented in Figure 4-3 are made at an electric

energy rate of 6¢ per kwh.

CONVENTIONAL SYSTEM OPERATING COSTS

Based on the load assumption'stated in the previous discussion on
end-user heating and cooling requiréments, operating costs were estimated
fOf each.convéntional system. Direct fired heating was assumed to be 65
percent efficient, Ai;—to-Air heat pump seasonal performance factor was
assumed to be 1.5 for northern climate and 2.3 for southern climates,

and electric.resistance heating was assumed to have a COP of 1.0 All

systems for air conditioning were assumed to have energy efficiency

ratios of 7.5. The results are presented in Table 4-4.

' Table 4-4
Conventional System Energy Costs
“Northern Climate

HEATING COOLING
‘ Energy - . Energy Energy Energy
System Consumption Cost Consumption Cost

NATGAS/Elect 1622.5 ths $ 486 2528 kwh $152
Cooling ' :
Elect Air-to- 20,600 kwh $1,236 2528 kwh $152
Air hp

" Resistance 30,900 $1,854 2528 kwh $152
Heat/Elect
A.C.
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2

"“:*Table 4-& (cont) -

_'.'Southefn Climate

CoHEATING . ' COOLING

Energy - Energy * Energy " Energy -

System Consumption Cost Consumption Cost
NATGAS/Elect . 584 th '$175 6,000 kwh $360
Cooling ' )
Elect Air-to- 4830 kwh $290 6,000 kwh $360
Air hp ' :
Resistance 11,110 kwh $667. 6,000 kwh $360
Heat/Elect : :
A.C.

The cost per unit for energy was estimated at 6¢/kwh for electricity and
$.30 per therm for natural gas.

MAINTENANCE COSTS

Maintenance costs for unitary equipment were estimated with the aid
‘ 657
of the ICES Technology Evaluation Documents. Maintenance of the central
heat pump equipment was estimated at 2 percent of installed costs per year

for the central station equipment and 0.5 percent per year for the distri-

bution system. The following maintenance costs were used:

HP-WHR SYSTEM | _ ANNUAL MAINTENANCE COST
Item )
Central Station Equipment | $11,305
Distribution System- ' ‘ No. $3,090 So. $5,695
Unitary H.P. (Water to Air) ' - $165 per unit

CONVENTIONAL SYSTEMS

Gas/Electric Cooling $130 per unit

Air-to-Air Heat Pump $180 pef unit ‘

'Resistance/Elecﬁ. Cooling $160 per unit




4.5

Annual maintenance costs’ for fhg unitaryvenq—user equipment was developed

from references

' HP-WHR SCHEME OPERATION AS A THERMAL UTILITY

' In order to compare the HP—WHR‘Scheme to conventional utility supplied
schemes, it is necessafy to ﬁerform én analySié frém the end-user's view-
point. To account for thermal energy distributed from the central plaqt,
it is ahticipated that the system will be operated as a thgrmalnutility.

The charges to end-users will be made based on meter réadings and will
be sufficient to cover the central plant's.operating.andAmaintenance
costs, aebt service, and administrativé cosgé associated with operation
of the system. |

| The cost figures qont;ined in this report were generated for the

northern and southern locations using the stated electric energy costs,

an administrative cost of five percent of total owning and operating

costs, and debt service based on an interest rate of 7 percent per year.

It is recognized that the seven percent interest rate is‘somewhé; arbi-

trary.And will vary with the application and type of financing axrgngé-

ments actually implemented; however,bit was selected to be between typic&l-
1977 yieids for Mdgicipal Cléss A‘bondé and.ﬁtility_gonds iséﬁed by private
;ompanieé. | | |

The cost per custoﬁer fo? thermai §ervice wasAcombuted as follows;

Northern Climate (serving'470 customers)

Energy Cost @ 4¢/kwh _ . ' : $131,581

Debt Service
Central Plant. and, Distribution System . ,
$1,182,855 x .0858 A , . ' 101,489

End-User Connections '
$199,750 x .0858 ' © 17,138



_Northern Climate. (Continued)

Maintenance on Central Plant & Dist. System Coe -$ 14,395
' SUBTOTAL $264,603
5 percent administration - 13,230

TOTAL $277,833
. Annual Cost Per Customer =1$59l‘ :

Southern Climate (serving 980 customers)

Energy Cost @ 4¢/kwh : : ’ $238,891

Debt Service :
Central Plant and Distribution System

$1,704,359 x. ,0858 A ' , 146,233
End-User Connections

$416,500 x .0858 f 35,736

Maintenance on Central Plant & Dist. Systém 17,000

| SUBTOTAL $437,860

5 percent administration ‘ : | ‘ ‘ 21,893

TOTAL ‘ $459,753
Annual Cost Per Customer = $469

" LIFE CYCLE COSTS

A net present value Iife cycle cost analysis was prepared for the
HP-WHR sfsteﬁ and each of the conventional system alternatives. The anal-
ysis was performed from the end-user point of view, since the consumer will
ultimately pay all costs associated with each systém. In the case qf thermal
energy distributed by the HP-WHR system, central'plant capital and energy
costs are embedded in the cost of service to the end-user. A range of
interest rates was used for discounting future expenditures. The results

are presented in Figures 4-4 and 4-5,
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4.6.1 DETERMINATION OF PRESENT VALUE
The present value of each alternative was determined for a twenty-£five

year period at the stated discount factor. The following general formula

was used:
PVi = FCi + £(j,25) x (AOCi + AMCi?

where
PVi = Present value of the ith alternative o
FC, = First cost of the ith alternative

f(3,25) = The present worth factor at j percent interest
for 25 years

X th .
Annual operating costs of the i alternative

o>
o
(@)

)

. AMCi = Annual maintenance costs of the 1B alternative
The present Qalue figure is given as a positive number; however, in
actuality it should be realized that the number is a present value of present

and future costs. | l
Figures 4-4, 4-5 present a comparisan of the HP-WHR system and
several conventional systems at 8 percent, 10 percent, and 12 percent:

present worth factors.

4.7 SUMMARY OF EXPECTED ECONOMIC PERFORMANCE

The net preéent value analysis of the HP-WHR scheme and the conventional
schemes indicates that the HP-WHR scheme can be cost competitive with air-
to-air heat pump systems and electric resistance heating systems depending
on'comparative energy costs and geographic location. As expected, the
conventional natural gas/electric scheﬁe is much more cost effective at

today's natural gas prices.
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5.0 ENVIRONMENTAL IMPACT

5.1

INTRODUCTION

During the last 15 years there has been increasing concern within the

United States for protection of all aspects of the environment. This concern g

has resulted in the passage of numerous Federal laws and the subsequent

development of implementing regulations to protect various aspects of the

" environment. These laws have covered such diverse areas as air qualtiy,

water quality, noise control, archaeological and historic preservation, and

protection of endéngered species of plants and wildlife. The most significant

of the Federal laws and Executive Orders affecting the environment are listed

below:

1.

10.

11.

12,

v The

The
The
The
The

The

Archaeological and Historic Preservation Act of 1974;

Clean Air Act;.

Coastal Zone Management Act‘of 1972;'

Endangered Species Act of 1973;

Federal,Wafer Pollution Control Act, as agended;

Fish and Wildlife Coordination Act of 1958;
Flood_Disaste; Protection Act of 1973;

Marine betection,Research and Sanctuaries Act of 1972;
National Environmentél‘Policy Act of 1969; -

National Historic Preservation Act of 1966; Executive

Order 11593 ("Protection and Enhancement of Cultural.

Environment," May 13, 1971): and 36 CFR Part 800

("Procedures.for the Protection of Historic and Cultural

Property,'" January 25, 1974);

The

The

Rivers and Harbors Act of 1899;

Safe Drinking Water Act of 1974;




13. The Solid Waste Disposal Act;
14. The Water Resources Planﬁing Act of 1965;
15. The Wild and Scenic Rivers Act of 1968;
16. Executive Order 11296 ("Evaluation of Flood Hazards in
Locating Federally Owned or Finénced Buildings, Roads, and
Other,Facilities, and in Disposing of Federai Lands and
Properties,” August 10, 1966);
17. Federal InSeéticide, Fungicide, and Rodenticide Act as
| amended, aﬁd -
' 18.”" The Noise Control Act of 1972.
Some of the laws noted above are concerned with one specific area of
the environment, while others have a much broader area of concern. One of
the most significant laws is the National Environmental Policy Act of 1969
which requires all Federal agencies to prepare detailed Environmental Impact
Statements on major Federal actions that significantly affect the quality of
the human environment. The National Environmental Policy Act requires that
agencies include in their decision making process an appropriate and careful
consideration oanll environmental aspects of proposed actions, an explanation.
of potential environmental effects of proposed actions and'their alternatives
for public understanding, a discussion of ways to avoid or minimize adverse
effects of prdesed aétidns,‘and a.discussion of how to restore or enhance
environmental duality as much as possible. Facilities such as a Heat Pump
Centered-Integrated Community Energy System (HP-ICES) which‘may be constructed -
in part with the assistance of Federal grant of loan funds, must be subjected
to an environmental impact analysis to determine wheﬁher or not significant
environmental impacts. will result either directly or indirectly from the
proposed project. This analyéis is reviewed by appropriate Federal and State

agencies and interested citizens or organizations and is submitted to the
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President's Council bniEnvirOnmenfél.Quality;nnIfbsignifiéant énvi;bﬁmentél
impacts will result from the propbéed_project, then a full Environment Impact
Statemént_must be.developgd.aléng w{th the related reviews and'public hearings
requiredi
Some of the major pointé whigh must beladdressed.in thé preparation of
an environmental impact Appraisal are as follows:
1; Brief description of~prbjgct§ |
2, Probable impact of the project on the environment;
3. Any probable adverselenvironmental effects which cannot
be avoidéd;
4. Altérnatives considéred with evaluation of eaéﬁ;,
5. Relationship between local short-tg;m uses of.man's
envirpnment and mainténance and enh;ncement of long-~
term productivity;
6. Steps to minimizg harm to the enyironment;
7. Any irreveréible an& ir:etrievable commitment §f resources;
8. Public objegtiohs.to project, if any, and their resolution;'
and |
9. Agenéiés»consulted about tﬁe projeé;)
The enﬁironmentéi impacts of‘facilitiesAsuch as AN HP—ICES can be dividgd
inté two broad categories. _These categories areg
| 1. The‘environmental impacts qf construction, and
2. ?he.envifgnmen;al impacts of operation. |
The next Lﬁo seétions wili address‘thevenvironméntal impacts in each of theée

categories for heat pump centered-integrated community énergy systems.
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5.2 ENVIRONMENTAL IMPACTS’OF CONSTRUCTION

5.2.1 TEMPORARY - IMPACTS

The environmehtﬁllimpacts’6f7&oﬁs£ruction can be further divided into
those temporary impacts that exist only during the construqtion phase and
the permanent impacts of the facilities' comstruction énd.location. The
temporary environmental impécts‘caused by coﬁstructioﬁ activities are as
follows: |
1. Noise and'duét generated by cqnstructioh activities;
2. Removal of vegetation and pavement causiﬁg soil erosion
and siltation during construétion;.
3. Disruption of normal traffic pattérns‘caused by‘
construction in streets;'
4, Potential for broken gas and watér mains and sewer
lines; and
5. Temporary inconveniences for businesses and residenées
‘while individual connections are being made
Most of the temporary impacts are the nuisance conditions that are usually
assoclated with construction operations. Most of the impacts can be minimized
by the proper plahning and execution of various construction activities. For
instance, the impact of noise in a residential neighborhood can be minimized
by limiting the contractor's operations to normal daytime hours when many
people are away from home at wérk or school. Since much of the distribution
and return system will be coﬁstfuéted in existing streets and rights-of-way,
some disruption of normal traffic patterns is unavoidable.. However, by
propef pianning of construction operations, the actual time that a street
must be closed can be'minimized. One of the most significant potential

impacts during the construction operations is the potential for breaking

I 4
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5.2.2

gas mains, water mains, and existing sewer lines while gonstructing'the HP-ICES

distribution and return system. "In particular, a broken gas main or sewer

line could create a significant enyironmentai hazard. A broken gas main can
create either an immediate or delayed explosion of disastrous proportions. A
broken sewer 1iné dan resultAin the discharge of raw and untreated sewage to
nearby drainage ditches, creeks and streams, and créate sefious puﬁlic health
hazards and water pollution problems. Fof'thqse reasons it is important that
the initial design carefully locate existing water and gas mains and sewer
lines. 1In addition, it is important that the coﬁt:actor take certain pre-
cautions dgring construction in the event that all sucb faciliﬁies are not
properly and adeqﬁately located‘on the'construction.plaﬁs;

PERMANENT IMPACTS

The.principal impacés of constructionAoperations that are of a permanent
nature are as follows:

1. Construction materials required for construction;

2. Energy utilized in the construction process;

3. Land occupied by proposed facilities; and

4. ADisrupfion‘of previously dndistprbed terrain.

The concrete, steel, -and other materials required'during constrﬁction are
essentially irreversible and irretrievable cémmitments}gf these resources. That
is, once they are used in the proposed.gonstructiop, it is highly unlikely that
they will ever be used again for any other purpose. The‘energj utilized during
the construction process wil be primarily.gas, oil and diesel fuei that is
required for the operation of trucks, bulldozers, ditch diggers, and other
construction equipment. Some eléqtrical énergy will alsb be utilized for
elgctrical tools and equipmentxused during the construction of buildiﬁgs and

other structures.
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.Thé land on which the proposed‘facilities'are to be located'will be
commiteed to this use for a minimum of 20 yeérs an& possibly for as much as’
40 to 50 yeafs or lénger.j However, this commitment is ﬂot pérmanent, in that,
if the fﬁcilities were to be abandoned in future years, they could be torn down
~and the land could be utilized for other purposes. The major land requirement
will be associated with the central.plant facility and related storage faci-
lities and cooling ponds that will be constructed. Land required for the
distribution and return gystem will only be a narrow easement that is only
10‘to 15 feet wide. 1In most céses, the easement for the distribution and re-
turn system will be loéated in existing'streets and highway rights-of-way. 1In
most cases, the presence of the distribution and return system will not pre;
vent the land itsélf from being utilized for other purposes. However, in
some ‘cases ther may be a restriction in building a structure or building
within the permanent easenment.

One of the méjor'enVironmental imbacts of construction operations is the
disruption of previously undisturbed terrain.- During construction of the
transmission and return system, rights-of-way must be cleared of vegetation
and smoothly graded so that construction equipment can move easily along the
,right—of—way while digging the trench for the transmission main. Clearing
and grading is also required.at sites where buildings or other structures '
must be constructed. If the conéﬁruction takes place in an area that has
been previoﬁsly undisturbed, then there is a danger that unique vegetation
or wildlife habitat or previously undiscovered archaeological sites may be
damaged or destroyed by the construction operations. For the Heat Pump
Centered-Integrated Community Enérgy System, most of the construction for
tﬁe transmission and distribution system is expected to be along existing

streets and highways and therefore will not involve much construction in
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areas that havé been previously un@isturbed. The environmental impacts of
construction that do occur in undisturbed terrain can be minimized by careful
site selection and routing of transmission mains to avoid unique vegetation,

wildlife, or archaéological sites.

ENVIRONMENTAL IMPACT OF OPERATION

IMPACTS ON SEWERS AND WASTEWATER TREATMENT FACILITIES
One of the most significant potential impacts of the proposed Heat Pump
Centered—Integ;ated Cogmunity Energy System is onlthe existing.sewérs and
wastewater treatme;t facilities within the community. . There are several
aspects of the project that could create an impact on'existing wastewater
facilities. These impacts are:
1. The additional hydraulic loéding on the sewer system if-
thé sewer system is used as the means of returning thé
_heat pump water supply to the central facility.
2. The additional hydraulic loading on the.wasteﬁater.
treatment facility itself if -the sewer system is
used as the means of returning the heat pump water
supply to the central plant.
3. The effect on the wastewatgf treatment process.if the
temperature of the untreated wastewater is raiged or
iéwered as a result of the operation of'thé heat pump -
system. |
4, 'The environmental impact on wéter quality and aquatic life
in.the stream where the treated wastéwatef is discharged
as a result of a chaﬁge in temperature of the wastewater
disch#fge.'
Because of the significant nature of these impacts, a separﬁte discussion

of each will be presented.
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One of the schemes to beerAiﬁéted}includes using the Existing éewer
lines to tfaﬁsport thé»uséd watéf'ffom:ﬁhé heat pump system back to the muni-
cipal wastewéterftreatmeﬁt biaﬁg aﬁd central heaf'e;changefs and pumping
facilities. This additional discharge'to ﬁhe sewer system would constitute an
additionél hydraulic loading oﬁ the sewer syétem over and above the estimated
wastewater flowé that were used:to'design the sewers initially. Conséquéntly,
if the éxisting sewer system wefe to be utilized as a part of the feturn
system, it wduid be necessary to evaluate the imp;ct of this additional hydrau-
lic flow on the éxisting sewers. Sevéral questions would need to be addressed..
These are: |
1. Can the existing sewer lines carr‘y the peak hydraulic
flows that wiil result when the spent water from the
heat pump system 1s discharged into the sewer system?
2. Which sewer lines will be overloaded and how much
additional sewer capacity must be prbvided?
3. Even if the existing sewer lines have sufficient
capaclty to carry the additional hydraulic flows,
the ultimate capacity of ﬁhe sewers will be reached
sooner:than originélly anticipated without the water
from‘tﬁe heat pump system. How soon will the capacity
of existing sewer lines be reached?
4, 1If parailel or replacement sewer lines must be constructed
to provide additional capacity, then the enﬁironmental
impacts for this construction must be evaluated.
The hydraulic loading at the wastewater treatment plant would also be
a point of concern in tﬁe HP-ICES scheme described above. The pumping

facilities for the influent wastewater, the bar screen and grit removal
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”faeiiities, aed:the prieery cierifiet ﬁduld ali heve.be siéedtto haﬁdleCthe
additional hydraulic loadieg : If these facilities do not have adequate capa-
city to handle the additional hydraulic flow, their performance will be
significantly impaired and the treatment facility will not achieve the degree
of treatment‘for which it was designed. This could result in the dischatge
of . raw or improperly treated wastewater to the stream. | |

A heat pump centered energy recovery systeﬁ utilizing wastewater as
the heat‘seurce and sink will-raise or lower the temperature of the weste-
water relative to theAnormally encountered temperatures. The temperature of
the-wastewater will be raised iﬁ‘the summer and lqwered iﬁ'the‘wintet. Since
the treatment pf domestic wastewater usually depends‘upqn eome form>of micro;
" biological activity (e.g., activated sludée; trickling filters, etc.),. and
since temperature is an important factor affecting the biological activity
rates, changing the temperature of wastewater will alter the rate in which
the wastewater 1is biologically treated. Typically, the colder the temperature,
the slower the rate of biological treatment; Biochemical reactions, in general,
 follow the van't Hoff rule of a doubling of reaction rate for a 10°C.(18°F)
increase in temperature over a restricted temperature range. Studies with
activated slidge have shown the reaction rate to.bevmbre than-dpubled for a
10°C rise in temperature30. | | |

Typically, biological waste&ater treatment s&stems are designed to
opetate at the coldest wastewater temperature that might be_expectea in the
particular region-in which the treatment faeility is to be located. Typical
minimum design temperatures may range from .45°F to'SSQF. Since biological
treatment rates would be slowed as a result of the 1owered-temperature in

the winter, thé lowered temperature would need tp-be.eonsidered during the
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design pﬁaée to size biological treatment units or to predict lost treatment

efficiencies for existing facilities.

The change in biological activity rates may be expressed mathematically

by the Arrhenius equation31,

dT - RT™

~where dlnk/dT represents the change in the natural log of the biological
activity rate constant with temperature, R is the universal gas constant, and
Ea is a constaht'for‘the'reaction termed the "activation energy." Integrating
between the limits gives

k, _ E (T, -T))

kl RT2T1

where k2 and kl are rate constants at temperatures T2 and T1 respectively.
Temperature 1s expressed in degrees Kelvin. By substituting the constant

- 0 for Ea/RTZTI’ the equation becomes

m% = o (T, -1)
= 2 1
ky

or k2 = k1 e 0 (T2 - Tl)

By using the expanded form of ex, the equation can be approximated as

?é = kl [1 + O(T2 - Tl)].
The constant © has been shown emperically to vary from 0.056 in the

temperature range between 20° and 30°C and 0.135 in the temperature range

between 4° and 209032. - A value for 0 often quoted in the literature for

biological wastewater treatment reaction rates is 0.04724.
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ATherefore, a decrease in the minimum wastewater temperature'from 55°F to
50°F mould”theoretically decrease a typical domestic'wastewater biological
reaction rate constant from 6.25 to 0.22 (12% decrease):and a decrease to 45°F
would decrease'the reaction rate constant to O.lé (28% decrease) .

Once adjusted for‘temperature,'the reaction rate constant; k, which also
varies for varying wastes and treatment ‘conditions; can be utilized in the

following equation to size biological treatment units:
L =L (107KE,)
where L is the initial BOD(biochemical oxygen demand, a measure of the organic
'strength of wastewater) and L is the treated BOD at retention time, t.
Additionally, wastewater temperature changes affect oxygen transfer rates,
disinfection rates, and under extreme conditions the aquatic biota in tbe
receiving stream. Botb oxygen transfer and disinfection rates follow the van't
Hoff-Arrhenius relationship, but in the opposite'manner. Elevated_temperatures
decrease oxygen transfer rates while increasing disinfectibn rates. Therefore,
consideration would likely need to be given to the decreased disinfection kill
rates in the winter and decreased oxygen transfer rates in the summer.
A detailed discussion ofthermalpollution and the'effects of temperature
changes on aquatic:life is beyond the scope of the report. However, it may
be state generally that as wastewater effluent temperatures increase, dis-
solved oxygen saturation concentrations decrease, and'predominant aquatic
lifeform become less desirable in character. Heated water discharges, after
‘initial mixing, should not increase the temperature of the main body of the
receiving waters above 95°F if fish 11fe is to.preserved. An excessive_
increase in the temperature of the wastewater-diluting water mixture above that
of the diluting water should not be permitted. Increases should be limited to

3°F to 5°F, according to the report of the National Technical Advisory -
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Committee47. At the present tme, the permissible-temperaturevincrease is a

matter of controversy, Detailed discussion of thermal pollution may be found

in Krenkel and Parker18ﬂ

IMPACTS ON MUNICIPAL WATER SYSTEM

The alternative scheﬁe WHiéh utilizes primary clarifiedAwastewater in the
distribptiOn systém to each individual heat pump presents a pofential environ-
mental impact to the muniéipal water  system. With this type of'System there
is always a danger that somedne,will make a mistake and connect the heat
pump water system to the municipéi Qater system and thereby cause contamina-
tion of the muniqipal water systém. Even if the primary clarified wastewater
is chlorinated before going into the heat pump distribution system, a potential
for contamination would exist if cross connections were_made between the heat
pump water distribution system and the potable water distribution system.
Another potential danger is that a pluﬁber or homeowner mighf by mistake
cbnﬁect into the heat pump water distribution system for the water supply for
a home or business. Such a mistake would, of course, be a serious public
health hazard.

IMPACTS ON ENERGY SOURCES

One of the most signifiéant positive impacts of the proposed Heat Pump
Centered—Integrated Community Energy System is a more efficient utilization
of available energy for the heating and cooling of residential homes and
commercial establishments. In addition, the heat pump system will utilize
low-grade heat found inwastewater discharges which is now wasted. The pri-
mary energy requirements for the porbosed heat pump system will be for the

pumping facilities which will be a part of the distribution system, the

" electrical power for each- individual heat pump and the energy required at the

éen;ral plant facility for the pumps, heat exchangers, and other equipment
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and other equipﬁent needed tﬁere. Once a prelimhari desigh an&‘layouﬁ has‘

- been developed fér”é particular system; it will be possible to estimate the
total energy that wiil be reqﬁired“iﬁ the system's operation and compére
this epergy coﬁsﬁmption=with’thevémbunt'of:ene:gy that would have béen

required with a conventional heating and cooling system. -:
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6.0

6.1

6.2

2.1

PROJECTED GROWTH

INTRODUCTION

A Heat Pump Centered—Integrafed Community Energy System will; in a sense,
be a public utility that will be designed to serve all or part of the existipg
bopulation of a community and all or part of future increases in the community's
population. Consequently, the planning and design fof such a system must
carefully evaluate.both the exiéting population of the commﬁnity and future changes
that are anticipated in the éommunity's population. The purpose of this section
is to review briefly the methods that are available to planners and engineers for

determining future population changes and to describe how AN HP-ICES would be

- expanded to meet various rates of increasing population.

METHODOLOGY FOR PROJECTING GROWTH

POPULATION PROJECTIONS

There are numerous methods available to engineers and planners for
projecting the future population of a given area. The most commonly used
methods may be classified as:

1. graphical;l

2. decreasing rate of growth (increase);

3. mathematical or logistic;

4, ratio and correlation;

5. component;

6. employment forecasts.21
Using one or more of these methods, an individual researcher can‘éather the appro-
priate data for a'pafticular area and develop a totally independent population
projection for that area. The method utilized can be a simple graphical extension
of population based on past population changes or it can be a complexland mathemati-

cally sophisticated method which :equires considerable time and an involved analysis.

For many years the preliminary planning that was done for public facilities
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required that such independent population projections be developed. However,
many of these'independent population.projections were later found to be in error,
due in part to the assumptions made by the investigators and in part to the'
personal bias of the investigators concerning the area in question. In recent
years Federal and State agencies have become actively involved in developing
State and National population projections which in turn are disaggregated to the
local levelt For most public facilities that are being financed in part‘with
Federal grants or loans, it is usually required that population projections used
in designing these facilities be in'agreement with State andvFederal projections
that have been developed for the particular area in question.

In Georgia, the State Office of Planning and Budget has the respon51bility
for developing population projections inlthe State. A recent report by that
office was entitled "Population Projections for Georgia Counties, 1980-2010 n38
The population projections described in this publlcatlon are termed "baseline
projections." The term "baseline" denotes an estimate of what can be expected
if there are no substantial changes that w0u1d~impactppopulation growth. The
population projections for Georgia counties utilized data from each individual
county along'with,data from each Area Planning.and Development Commission. In
Georgia each of the 159 counties is 1ocated in one of 18 Area Planning and Deve-
lopment Commissions (APDC). One of the main functions of an APDC is to main-
tain accurate and complete information on population changes and population . |
trends for each of the counties within the APDC. In addition, most of the
APDC's have developed population projections for individual communities an&
cities within their jurisdiction. |

Within the Federal government, the Water Resources Council has in.recent
years coordinated'the work of several Federal agencies in the area ot popula-:

tion - projections. Under a cooperative agreement with the Water Resources
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Council, the Bureau of Economic Analysis, U. S. Department of Commerce, has

worked jointly with the Economic. Research Service, U.  S. Department of Agri-
culture, to develop ﬂnifiedipopulation projeétions fof each state in the nation

along with the counties within each state. Population projections developed

‘under this program have been commonly referred to by the acronym of 'OBERS."

"~ A concerted effort has been made to assure cooperation between the Federal

agencies involvéd; gach responsible Stafe agency, and the local Area Planning
and Déveiopment Commissions to assure uniformity and agreement among the popu-
lation projections published by each of these agencies.

The most complete data available on existing population is the Federal
'Cen;us of Population which is conducted every 10 years. The Census of Popu-
lation containé eitensive population data for each state and the counties

and municipalities within each state. Between censuses, the Bureau of the

 Census in the U. S. Department of Commerce in conjunction with the State agency

that has responsibiiity'for pépulation projections publishes a yearly report
whichAéives the estimated population of each state and the counties within the
stéte for that year. These reports are referred to as '"Current Population
Reports Series P-25." For individual communities and municipalities within a
county, it may be hecessary to utilize other sources of information to estimate
existing population between censuses. Changes in population since the last
census can be éstimated by utilizing school eﬁrollment records, records of
births and deaths, records of building permits for residential construction

and automobile registration records. 'Fairly‘accurate estimates of existing

population can be made by properly utilizing such information as noted abové.

ECONOMIC ACTIVITY PROJECTIONS

A Heat Pump Centered-Integrated Community Energy System would serve not

only residential areas but commercial and industrial areas as well. Hence the
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planning and design for such a éyste; w;ﬁid'need’to'conside: growth of commer-
cial and industrial activities of the area. Projections of future economic
activity within an area most:fréquently‘give consideration £o past commefcial
" 'and industrial growth that has occurred and the potential for futuré cotmer-—
cial and industrial grbwth based on the conditio#s generaliy considered.necgs-f
sary and desirable fof economic growth éo occur.

Area Planning and Development Commissions are frequehtiy the best soﬁrce
" of information concerning past commercial énd iﬁdustrial growth and projections
of fuéure commerciél and industrial growth for a particular area. These agen-
cies frequently conduct studies to analyze the type of‘ecopomic growth which
has occurred in a particular area and at the same time analyze the potential
for future economic growth. ‘SUCh studies often include estiﬁﬁtes on the ex-.
pansion of existing businesses ;hat can be anticipated and projectioné of the

‘type and size of new businesses and'industry that may locate within the area

during a particular time frame. In addition to the studies and reports published

by the APDC's, the State goyernmént may have an office or department whose
?primary'responsibility is promotion of commercial and industrial growth within
the state. Data available‘from this office or department may Be valuable in
projecting the future economic gréwfh of ah area. Hoﬁéver; it may be limited
by the depth of coverage for a particular geographical area. |

Other sourées of information concerning the future economic growth of an
area would include the planning departments in thg larger cities and Chambers
of Commerce. However, it should be noted that the éqoﬁomig growth which may |
be projected by a Chamber of'Coﬁmerce ié iikely té be the ideal growth which
the Chamber of Commerce desires to see and nof necessérily tﬁe amount‘§f |

economic growth that can be realistically anticipated.




6.2.3

FUTURE LAND USE PLANS AND EXISTING LAND USE PATTERNS

Another importan; aspect in;the'design of4a public facility sucH as AN
HP—iCES'is determining where within the study area the residential, cpmmercial
and industrial growth will occur.‘ The previous two sections have presented
the data sources and methodology that can be utilized in projecting population
and economic growth for a particular area. However, it is equally important
that the specific areas within the community be delineated where residential,
commercial and indusprial growth is anticipated to occur. The ﬁost frequently
used method for determining where.future growth will occur is by analyzing
future land use plans that have been adopted for thecommunify. . Future land
use plans are generélly developed by a city planning commission or én Area

Planning and Development Commission and have taken into consideration existing

land use, existing public facilities such as water and sewer lines, streets

and major thoroughfares, and physical features such as flood plains, topography,
soii and geological characteristics gnd‘other factors which might influence
ultimate land use and development. Taking into consideration the factors that
have been noted, future land use plans generally propose those land uses which
appear. to be most desirable for each particular tract of land. Before utilizing
future land use Plan§ in the plgnning process, it is important that planners
anq engineers determine the validity of a particular 1ahd use plan. In parti-
cular the following questions should be addressed:
1. Has the land use plan been formally adopted by
the local government?
2. Are the goals and objectives of the land use
plan being implemented through a program of
planning and zoning regulations?
3. 1Is the land use plan used as a guide for decision

making by local governmental officials?
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If tﬁe land use plan has béen formaiif édoptediand is being implemented

through plaﬁning‘aﬁd zoning regulétidns,Athentit'cén be a valuable tooi iﬁ
determining where future growth within the community will occur. However,

if the land use plan is not being implementgd, then it may be more désirable

to use other sources of information to project where growth will occur. In
some cases future land use and growth can be more accurately prpjected by
analyzing existing land uses and recent tfendé and éhanges in land use. 1In
many cases, the past trends in land use and 1aﬁd'use changes for the last five
to ten years may continue for the next five to tgnvyears. ‘That is, a'portion
of town which waé previously unqevélqped but has seen heavy residential develop- |
ment in recent years is likely to continﬁe to expgrience residential development
in the coming years unless sdme limiting factor develops. Iﬁ the same sense,
areas of town which haQe reéently experienced commercial or industriél develop-
ment arenlikely to continue to experience such development if suitable land is
availéble. Data and information on existing land use and land uéé patterns is
availlable from several,éources. Planning commmissions and Area Pianning and
Development Commiésions_often have published repbrts that contain exténsive
‘data and maps.bn existing land uses. In addition,.maps that show existing
zoning often accurately reflect existing land uses. Changes in land uses |
and changing land use patterns can be detecte& by reviewing zéningnchanges

in recent years, location of new residential and commercial conétruc;ion

in recent years, aerial photographs taken of the same area 6ver a period of
years and maps of the community that wére developed at several different time
perioﬁs. |

6.2.4 ACCURACY OF GROWTH PROJECTIONS

In projecting future population and economic growth for an area, it is
important for planners'and engineers to have an understanding of the degree of

accuracy that can be anticipéted with these brojections.‘hThere,are numerous
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6.3.1

factors which influence the populat;on qu economic growth of an area and
unexpected events or changes in existing conditions can have a significant
influence on poﬁﬁlation and economic growth. As.a genera} rule, the accuracy
of population estimateg decreases aé' I

(1) the time'period of thé forecast increases,

(2) the population of the area décreases, and

(3)‘ the populationA rate of change'increases.2

Consequently, population projections for the next three to five years will

.generally be much more accurate than population projeétions for the next ten

" to 20 years. Also, population projections for a large city are more likely

to be accurate than population projections for a small city. In small commu-
nities population growth is significantly influenced by unexpected eveﬁts
that méy occur during the planning period. For small communities such things
as the opening of a new industry or the closing of an existing industry or
changes to a nearby military installatidn can significantly affect the popu-
lation of the community.

For the reasons that have been noted, projections‘of future growth may
not be highly accurate and, hence, this fact must be considered by planners
and engineers in the planning and design of public facilities such as the Heat
Pump Centered-Integrated Community Energy System.

CENTRAL PLANT AND MAIN PUMPING FACILITIES

INITIAL DESIGN AND SIZING

In the planning of public facilities such as water treétment plants, waste-
water treatment plants or the central portion of AN HP-ICES, one of the most
important decisions to be made is the initial size and capacity of the facility.
Since the design of such facilities often requires six to twelve months and

the construction frequently requires a minimum of one to two years, these
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facilifies cannot be rapidly expanded in a short time frame. 'Heﬁce, coﬁsider—
able thought has to be givén to the initial design and capacity that is to-be
provided. The initial design should also include provision forAfuture‘expan-
sions to be made in the most economical way possible. The layout of the central
plant should show wﬁere future expansions will be located in relation to the
initial facilities constructed. Under some circumétances, it may‘be more econo-
mical in the fifsf phase of cbnstrucﬁion to go ahead and construct 1argef piping
that will be sufficient to handle future flows during later expansions. In some
cases, it is desirable to allow extra space in major structures such as buildings
or pump stations so that additional facilities such as a pump or heat éxchanger
could be added at a later date with a minimum of additional cost involved.

For each cémmunity in which it is proposed to construct AN ﬁP—ICES,'it
will be necessary to conduct a study to determinewhat portions of the community
can be economically served by such a system. This study wogld also project the
anticipated growth within the community that WOuld_Be gerved by the. system in
future years. The design and sizing of the central plant station would be
based on the capacity néedéd to serve thevexisting population and future growth
that is anticipated to occur within the next five to ten years and possiblj.
longer. The next two sec;ions will discuss the sizing of'tﬁe central piant 
facilities to handle various rates of growth within_different communities.

PHASING TO HANDLE LOW TO MODERATE GROWTH SITUATION

In recent years, the most common time frame that has been utilized in
planning public facilities such as water and wastewater systems has ‘been 20
years. By definition, the start of the planning period is the date that the

initial facilities which are constructed begin operation. Hence, the time

‘required for engineering study, design and constrﬁction,is not included as a

p;rt'of the planning period. There were a number of reasons that a 20-year
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planning perio@ was chosen. One of the main reasons was that it is very dif-
ficult to accurately projecg populatién and economic growth beyond 20 years.
For the purpoSe.;f fhis discugsion, aHZijear planning périod will be utilized
to describe how a Heat fump Centered-Integrated . Community Energy System will
be éxpanded to handle various rates of growth.

There are a number of different ways that can be used to describe the
capacity of AN HP-ICES. However, for this discussioﬁ, the capaéity of the
system wili be discussed in terms of ﬁhe number of customers served. To fur-
ther simplify the discussion, it will be assumed that there are no commercial
customers and that all customers are single family residential users. The
purpose of this section is to explain how the central plant portion of an
- HP-ICES would be expanded to handle low to moderate growth that occuré within
;he community &uring the 20-year planning period. Low to moderate growth is
defined here as being an increase of 0 to 50% over and above the initial num-
ber of customers served at.the begiﬁning of the planning period; By this. def-
inition, a system that has 1,000 customers at the beginning of the planning
period might grow.té 1,500 customers by the end of the planning period. The
initial sizing of facilities and later expansion of facilities to serve a
comnmunity will depend not only on the amount of growth that occurs during tﬁe
planning period, but algo on when the growth occurs during the planning period.
In most céses,,unless better data is available, it will be assumed that the
growth will occur at a uniforﬁ rate over the entire 20-year planning period.
However, in some cases, it may be possibleito_show that the maximum growth
will takeAplace in the early, middle or latter portions of the planning period.
For communities that experience a fairly low rate of growth (0 to 20%) during tﬁe
20-year planning period, it is generally more desirable to construct sufficient
capacity initially to handle ghe anticipated growth rather than to attempt

small scale expansions of the central plant. Moderate rates of growth (20 to
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50%) can generally be handled byvminnf expansions to the central facilities

during the 204yeaf planning period. tMinor expansions‘a; the central facili-
ties would include such items as nrovidingnlarger pump motors, cnanging pump
impellefs, adding a new heat exchanger, or a new pump in space that had been
provided during the initial design and construction. The initial design and
layout of thecentral facility plant would have made provisions for these ninor
éxpansions and, hence, major construction of expensive structures or buildings
would not be required.

PHASING TO HANDLE HIGH GROWTH SITUATION

In this discussion a high rate of growth is defined as an increase in

capacity of more than 50% over the initial capacity that is required. ﬁence,

if é system initially serves 1,000 residential customers, by the end of the

planning period the number of customers served will have increased to more

than 1,500 customers. For commnnities that experience a high rate of growth,
the central plant facilities may hane to be expanded as much as. 200 to 300%
over their original capacity during the 20-year planning period. In-situations
such as this, there are several reasons that it is usually'desirable to construct
the total capacity needed at the central plant in several stages over the 20—a'
year planning period. Because of the inaccuracies involved with_growﬁh pfo—
jections, if would be very risky to construct the total,capacit& required in
the initial stage of construcfion. From a monetary standpoint, it is not
desirable to spend iarge sums of money'to construct excess‘capacity at tﬁe
central facility that will not be needed until much later in the planning
period. It is more desirable to postpone major capital expenditures until
later in the planning périod if possible. However, it should be pointed out
that the monetary benefits of a program of phased expansion have been'offset
considerably inArecenﬁvyears by the rising costs of construction due to in-

flation.
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For communities that are expected to experience a high rate of growth

- during the planning period, the central plant and related facilities would

be designéd and constructedvto provide sufficieﬁt cépacity‘fof the first

five to ten years with one or two planned éxpansions to provide the total
capacity needed at the end of the 20-year planning period. The design and
layout of the initial facility construction would take into consideration the
future expansions that are proposed and to the maximum extent possible the
initial design aﬁd éonstruction would atfempt to minimize the cost of future

expansion.

DISTRIBUTION AND RETURN SYSTEM

INITIAL DESIGN AND SIZING

The distribution and réturp system for a Heat Pump Centered-Integrated
Community Energy System will consist of pressure distribution mains very simi-
lar to a water system and either a closed loop, pressure return system or a
gravity return system utilizing the existing sewer system. In addition to the
distribution and return system, other related facilities include the high
pressure pumps and storage reservoirs that will be required. There are
several characteristics about the design and construction of'wéter and sewer
lines that influence the manner in which distribution and return systems will
be constructed and expanded. First of all, water and sewer lines generally
have a useful life of from 40 to 50 years. Second, a major portion of the‘cost
of constructing water and sewer lines is not for the pipe and materiallinvolved,
but for the manpower and equipment requ%red in the construction process. Hence,
the most economical way to provide additional capacity is generally to construct
a larger line initially rather th;n a parallel line at a later date.

INITIAL CONSTRUCTION PHASING'

Since construction of the distribution syétem may require from 12 to 36

months or more, a phased approach to construction may be desirable. The
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distribution system would be divided into operable segments each of which
could be placed into operation upon completion. This proéedure would eliminate
the need for the total construction to be complete before the system was placed

into operation.

PHASING TO HANDLE LOW TO MODERATE GROWTH SITUATION

| Once it has been determined which areasof. the community are to'be served
by the HP-ICES, a study should'be made to determine which portions of the Qis—
tribution and return systenm Qill be constructed immediately and which portions
will be constructed later in the planning period. For those communities that
are expected to experignce low to moderate g:owth, the entire diétribution and

return system may be constructed initially. When the distribution and return

. system is constructed for a particular geographical area, the distribution and

return mains are sized to handle the anticipated growth that will occur in that

geographical area during the planning period. This means that if a subdivision

has homes constructed on 70% of the lots, then the distribution and return

_system will be sized to handle the existing homes and also anticipatéd homes

-to be constructed on the remaining lots in the subdivision. In most cases,

low to moderate rates of gfowth can be accommodated within the geographical
area of the initial distribution and return system construction and new cus-
tomers can be served by merely connecting onto'the distribution and return
system. In other cases, minor extensions of the distribution and return
system may be sufficient to serve new areas of growth ﬁot served by the
original system.

PHASING TO HANDLE HIGH GROWTH SITUATION

As previously mentioned, a high rate of growth is defined here as an
increase of 50% or more in the number of customers served initially by the

system and may, in some cases, be an increase of 200 to 300% over the initial
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slze of the system. For a community that experiences a high rate of growth,

some of this growth will occur on undeveloped land that has already been served

by the original distribution and return system. However, for communities that

experience very high rates of growﬁh, it is likely that significant residentiél
and commercial developmént will occur in areas that have been previously un-
developed, but adjacent to the comﬁunity. In such situations, completely new
distribution and return systems must be constructed as these areas develop.

An advantage to new residential and commercial development is that a distri-

bution and return system can be constructed more economically if it is planned

and constructed as a part of the initial development, as opposed to being
constructed'after the streets and other utilities have been constructed.

In order to serve new areas that are expected to develop during the planning
peribd, it may be necessary to construct new transmission trunk lines from the
central plant facility to the facility of the developing area. 1In some cases
these new lines may parallel trunk lines that were built initially. In other
cases it may be more economical to construct larger mains initially to handle
the later growth in order to avoid the expense of constructing a parallel line

at a later time.

106




7.0

7.1

7.2

IDENTIFIED VARIATIONS

INTRODUCTION .

In any syétem thag qtilizes the numbef.of separatelcomponents thét
are required in the HP-WHR system, the possibilitieé for component variation -
and system mutation become virtually uniimiteaf However, sevérai areas of
system design show promise for performance and/or system economics improve-
ment through innovative systéms engineefing. Tﬁese areas include: possi—‘
bilities of utilizing other sourcés of therﬁal energy, componénf selection .
and specification from the exfensive vafieties of available equipment, and
variations in system design and utilization; Several of the obvious vari-
ations in each category are diséussed in the seétions that follow.

THERMAL ENERGY SOURCES

While i; is éxpected that the most promiéing and most easily accessible}
source of low-grade thermal energy will be a community's &asfewater'effluent,
a site-specific energy resoﬁrce inventory may dictate that 6therjsoufpes be
considered. Other promising alternatives inciude soiar energy, waste heat
from industrial processes‘(such as power generaﬁion), waste heat recovery
through solid (or gaseous) waste incineration,'or composite energy soﬁrces.

Solar.technology,has pfoduce& active solar energy coilectors, such as '
the General Electric model TC-100, that are proving effective in harnessing
solar thermal,energy. Another~workable variation of colleétor—type is the .
solar pond collectof design. Tﬁis collectér variation may prove economic
and advantageOus'when large deﬁand is placed on the HP-ICES system and
when large land areas are available for siting:the Central Statioh, Afhe
principal adﬁantage§to utilizing sélar énefgy_as the primaryAenergyzsource
in an .HP—ICEé scheme is harnessing ;.previdusly untapped, uniQérsally

available thermal energy source. There are several major disadvantages,




however, to utilizing solar énergy}in ﬁhis scheme (at least as the primary
energy source). First are the typical disadvantages a;soCiated with active
solar ‘systems - size and cost. ‘A central solar facility.prﬁpqsed for a middle
Georgia location required 3323 ft.? of.solaf coilectors at an estimated
system cost of $246,298 to supply the-spacé heating and cooling needs for

15 houses (955 net‘(heated)ft.z‘average).. A second major disadvantage to
utilizing solar energy ié.ghat a baékup therﬁal ehergy source muét be

supplied for periods when solaf energy is not available. The third dis-
advantage is that an additional iﬁterface'is required between‘the'thermal
soﬁrce and the Central Station heat pump equipment.

Waste heat rejected from industrial processes may be reclaimed in
essentially the same manner as from community wastewater. Depending upon
the'process and the location of the industry in relation to the community,
low-grade thermal energy may be available in amounts significant enough to
warrant é modular system with severél central station installations. A
centrél station co-located on the site of a utiliéy power plant and extract-
ing thermal energy from the condenser circulating water is an attractive
option as an alternative energy source. The advantages are similar to those
of the wastewater heat recovery optioﬁ; i.e. utilizing a previously untépped
source of (low-grade) thermal energy at an easily accessible location. An
additional advantage is that, as the hourly demand on the HP-ICES from
the industrial sectors increases, a proportional increase in thermal energy
rejected from the industrial processes becomes availéble. This inherent
demand—fracking supply will simplify somewhat the load balance of an HP-ICES.

A third major energy source for consideratioﬁ is the heat of combustion

from various waste materials. One or several waste-heat-type boilers
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could be utilized in the éystemtto-reqlaim heat in thelfo:m.of tfaéh
(deposited at sanitary landfillé), wood scraps (available as waste from
various wood processing operations), or combustible gaéses'(generated as
by-products in certain processes). For example, methane gas ié typically 
generated in anaerobic sludge digesting processes at sewage treatment plants
and is sometimes utilized as an auxiliary fuel in the digestor heating
furnaces. The principal advantagg of these sources is that the primary
fuels, where available, would be very inexpensive. However, severai major
disadvantages weigh against utilizing combustion heat as a primary thermal
energy source. First, the fuels that are available in bulk (trash, wood
scraps) would require transportation and preparation before firing.inAthe
heat reclaim boiler. Secondly, the additional first cost of the heat reclaim
boilér(s) would extend the payback period of the initial instalia;ion of
'the Central Station and make it less attractive economically. Einally,~;he
additional interface (the heat recovery boiler) between the thermal source
énd the central station equipment is agaiﬁ required{

Depending on a site-specific invéntory of évéilable resources, a
composite thermal-source ICES may prove economically feasible and energy
effective. The basic design of the overall system, detailed in Chapter
1, can be adapted very easily to multi-thermal source form. An evaluation
of the feasibility of utilizing one or more of ﬁhe above mentioned séurces
will depend on the particular needs, characteristicé, and resource in-
ventories at each site of application. For a hypothgtical example, though,
let us consider a community with a ;ewage treatment plant of limited
capacity. The entire thermal demand on the HP-ICES'may not bé supplied

by the wastewater effluent. However, the primary energy source may be
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7.3

supplemented with a field of -solar collectors ghat could be expected to-
supply a certain percentége of the thermal- load (oétimized with regard to
size and costs). Also available for'péak demarid periods-or as a back-up
ﬁhermal source fo;‘the solar segment of the thermal supply would be a
limited supply of methane gas frOm the treatment plant's anaerobic sludge
digestion system, to be converted in a_small.heat—reclaim.boiler. In
addition, a second large-scale solid waste utilization-type boiler could
be. incorporated for trash incineration (trash that would normally be
disposed of at a sanitary iandfill ;ypically located at or near the sewage
treatment facility). Such a system woﬁld provide a site-efficient composite
thermal source for the HP-ICES, optimized for the particular energyAsupplies
and demands of the community. Figure 7-1 details one possible configuration
of such an installation.
SUMMARY

It is anticipated that the most promising sourcé of thermal energy
will be the low-grade heét availabie iﬂ the community's wastewater effluent.
However, there is fhe possibility of augmenting the primary energy source
with any combination of the other alternative sources. The overall con-
sideration is that enough thermal energy must be available, through any

combination of sources, to provide the community, or portions of it, with

. a continuous, consistent, and reliable thermal service, via the HP-ICES.

For each particular site of application, an energy resource inventory must
be performed according to the First and ‘Second laws of Thermodynamics and

the procedures of "Availability Analysis" (References 34 and 35).

COMPONENTS

System detdil design and component specification is often a headache

because of the wide variety and quality of components on the market.
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However, this same variety provides the engineer with extensive opportunity
to improve systeﬁ performance through judicious component sélectiqn and
innovative suBsystem design.

The most obvious candidate for component variatign is the heat pump,
" either the Central Station pump or the end—uservpump. The most widely
available Central Station equipment is based oh a fairly standard design
with variations mainly in compressor design. (The most popular compressor
designs;arecentfifugal,reciprocating, and scréw—type,) Available water
source heat pumps (for residential'use) are even more similar. While most
pumps employ elec;ric induction‘motprs to drive the Rénkiﬁe cycle compressor,
there are osviously‘other meané of providing power to the compressor.
Innovations in the field of tﬁermal ehgine heat pumps include several com-
posite heat pump cycles., Stirling - Rankine, Rankine - Rankine, Brayton -
Rankine, Otto - Rankine,_and'the Ericsson - Ericsson. (Discussion of each
of these cycles are found in Reference 3.) Refinement of the devices based
on these cycles promises to make tﬁem'competitive, both performance-wise
and cpst—wige, with equipment now available.

' The distribution system will be designed according to standard water
distribution system design practice. However, there is considerable lati-
tude left for the design engineer in the specification of the piping mate-
rials to be used; There may be significant advantages to utilizing the
new piping systems based on plastiés,such'as Polyvinyl Chloride (PVC) or
high density Polyethylene. Advantages that are immediately obvious are
reductions in materials costs, lower coefficient of thermal cénductivity
of the material, and ease of installation of the integrated design piping
systeﬁs.

Water quality of the thermal energy source/sink, i.e. wastewater,
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may cause problems that could be remedied by.judicious component selection.

The increased fouling factor of the water to be circulated through the

Ceotfal Station equipment heat exchanger ﬁay dictate one of several optioos.
Option one is the standard HVAC design technique. of specifying a larger

size heat exchanger to accomodate the increased resistance to heat transfer
contributed by the high fouling'factor of the.circulated wastewater. .Ootioo
‘two oould be the Specification of a piéte-type heat exchanger which would
allow easy disassembly and cleaning and thus a speedy tdroaround‘time for
scheduled maintenance. Option three would be the specification oan
mechanical cleaning system for the heat exchanger such as:feﬁerée—flow‘
actuated'brush scrubbers or a continuous‘cycie spherical rubber scrubbér
'system such as an Amertap. Which, if any, of ‘the abooe options should

be selected will depend on the quality of circulated watét at each specific

site. General guidelines covering expected wastewater.fouling'factors and

the correspondiog appropriate subsystem modifications may be developed in
the component _testing orogram outlined in Chapter 8. However, the finai
judgement is bcst left to the system engineer,performing the detail design
and component specification.

7.4 SYSTEM VARIATION

The basic Heat Pump Wastewater Heat Recover& (HP-WHR) systemICOQCEpt
lends itself nicely to variations within the.System or even.to variations
in the utilization of the.end—pfoduct thermal service. ' : o
One particular variatioo that shoﬁs promise is the additionlto the . i
system of an evaporative cooling component (cooling.tower). Instead of |
sacrificing the power heceésary to reject heat to the wastewater,heat sinkA
through the Central Station heat pump, the community circulatiné watcr could

be cooled by means of a mechanical draft cooling tower. Some sacrifice
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would. be necessary ip ﬁhe form of{pqmp'and fgn_hogeegower, but it is expected
that thg combined operating and maintenance cpstghof.thevcooling tower

during the cooling season would be less than those associated with running
the Central Station equipment. Also, if necessary or advantageous, ;he
distribution system could be segmented with several cooling towers logated
throughout the community to handle cooliné’bf the circulating medium.

Another variation that may be cénsidé;ed is the clarified Wastewafer
.Systgm. 'This system involves utilizing an open distribution loopltq deliver
the reclaimed thermal energy. Delivery of thgrmal energy to the end-user
is accomplished.by utiliging partially clarified wastewater as the transport
mediuq in a one pipe distribution netwofk. However, several major disad-
vantages may eliﬁinate this variation from consideration.

First, the'demand for thermal energy in the heatinglmode will tend to
coincide with the‘morning peak of wastewater effluent flow. Wastewater flow
typically is on a 24-hour cycle with the major peak at mid-morning (9:00 -
11:00am) and a second, lesser peak at late afternoon. Peak thermal demand
typically is early-to mid-morning due to the early morning heatigg load
and cold start-up of many buéinesses and industrial processes. This coin-
cidental peak may pose serious hydraulic overloads on existing sewage -
cp}lection systems where thermal media flow at peak conditions might be a
large percentage‘of the normal wastewater flow. No generai rule is applicable
since hydraulic loading of existing sewer systems is dépendent on the specific
application and willlchange with a number of variables such as sewer age
and location in the sewage collection network.

Another serious problem is the impurity and bacteriological content of
the clarified effluent. Severe fouling of heat transfer surfaces is pro-

bable due to the high suspended solids (BOD) content of the effluent. A
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relatively serious public health hazérd might alsq,bé;introduced by acciden;al
leakage of the contamingted éffiuen;. |

Oné further detrimental effect the clarified wastewater system would
impose when the transport medium isAreturned’to the sanitary sewer system
Qould be to lessen the overéll thermal quality of the primary heat source
by lowering its temperature. The amount of available thérmal energy would
be decreased by the mixing process. | |

Even with all the negatives aforementioned, the clarified.wéstewater
concept may be viable in specific instances and should not be whblly dis-
carded without consideration. 1In general»abplication,_however, itrwould
seem that the scheme poses an unacceptable numbér of’problems which require
specialized solutionms. It is.doubtful that the distribution syétem cost
advantage can outweigh the penalties.

A third system'variati;n (pictured in Figure 7-2), perhaps ;he_most
promising, proposes to supply the thermal services in aﬁform sui;able for
use strictly in industrial processes, and to ptilize wastewéter treated and
conditioned for industrial re—usé és-the thermal.energyvdistribution_medium.
(This latter provision in the HP-WHR system variétion is,becoming‘mOre and
more attractive as current Environmental Protection Agency 201 Facilities
Studies require an evaluation of the feasibility of rg—using éll or pprtipﬁs
of the wastewater treated at sewage creatmént}facilitigs._ Industrial
re-use of treated wastewater is a logical first-step in implemgnting &ater
re-use technology.) As shown in Figure,7r2, an open distribution system
~ is proposed. However, since the amounts of water conditioned by this
system will directly displace the amounts of (make-up) Qétef4diséhafggd
through industrial processes, the danger of hydraulicly overloading egist?

ing wastewater collection systems is avoided. Also; the load balance on
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a system applied in‘tﬁis manner would be gréatly simplified since ‘the .
thermal demand placed on the.sfstem wouldldirectly cqincide with the supply
of available energy réjéqte& thrdugH the induétrial proﬁesses.< This over-
all system concept is especially atfractive to industrial commﬁnities
requiring largeAquantities of’hiéh temperaﬁure’ﬁater for any ﬁumbef of
process uses, |

7.5 SUMMARY -

The -energy source, component, and system variagions discusséd in the
preceeding sectioné just beginAto‘address'the possibilities. The basic
HP-WHR system concept‘ié flexible enough to:allow easy adaptation to a
numbervof different‘applicatiops. Techpicéliy-speaking,.the}possibil;;ie§A

are limited only by thé.ingenui:y of the design engineer.
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8.0

8.1

8.2

COMPONENT TESTING

INTRODUCTION .

‘The equipment to be utilized in this HP-ICES scheme will, for the

most part, be standard, "off-the-shelf" components that are readily avail-

able from the major HVAC equipment manufacturers. However, due to the
novel application of this.equipment, it is expected that Application
Ratings will not be available for thé range of operating conditions that
will’be in effect for this éystgm. Sincé it is fhe intention of tﬁis

proposal to provide a system that offers improved performance over stan-

. dard Heat Pump systems, performance data specific to this application

will be developed through component testing. Three areas will be con-
sidered: 1.) baseline data on the thermal energy source(s), 2.) Central
Station heat pump equipment performance, and 3.) end-user heat pump
equipment performance. With this specific performance data in hénd, the
detail design of the systém can be optimized according to energy supply
aﬁd demand.

THERMAL ENERGY SOURCE(S) - BASELINE DATA

Each application of this scheme may utilize one ér more of several
potential thermal energy sources. Obviously, each will require hea;
reclaim equipment particular to the source. However, the low grade
energy that is available from a community's wastewater effluent will,
in all probability, be the most widely accessible source. Therefore,

the focus of this section will be to determine the baseline data, con-

sidering wastewater effluent as the primary energy source, that the HP-WHR

system performance will depend upon. The parameters that will be con-
sidered are temperature and flow. Discussions of the approach to be

taken in obtaining these data follow. ‘
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8.2.1

TEMPERATURE

One assumption ﬁhat the performance of this HP-ICES scheme is
based upon 1s that community wastewater effluent temperature will bg
greater than or equal to ground temperatﬁre; Several factors, sucﬁ as
soil type and thermal diffusivity, and factors particular to the deéign
and operatién of individuai wastewater collection and treafmeht.systems,
Vill affect the efflueng temperature. However, this base assumption
appears to be generally valid. | |

A cursory look at estimated operating temperatures can be found

in a tabulation of ground temperatures contained in Technical Guidelines

for Energy Conservation,46‘ Also, predictions of estimated operating temper-

atures (i.e. earth temperatures) can be derived from the procedures

? In general, this type survey. and

developed by Kusuda and Achenback.1
estimate Qill be_a'suitab1e~first step in determihing applicability to a
specific region or location. However, to obtain a data base from which

an overall syétem Cpefficient of Performance (C.O.P.)‘éan be defived,
specific data must be gathered at the point of applicafibn. Temperature
measurements should be taken at the appropriate poiﬁts in the sewage treat-
ment plants serving the demonstration'communities inqluding raw sewage
influent, plant effluent, proposed supply tie—in point(s) (if different
from plant effluents),}and ground temperature. Meaéurements should be
made on an houfly basis for a period of one week (l6évhours) during eacﬁ

of the followihg months: January, April, July, apd Oc;ober.,.Thé pre-
ferred method of dataltaking would be temperature transducers (i.ef thermo-

couples or resistance temperature devices) in conjunction with a multi-

point strip chart recorder. Additionally, available plant operating




8.2.2

records should be surveyéd té yerifyithe correlation between the empirical
data and typical éonditiqns.
FLOW RATES’ | a

The amount of thermal energy available at the sewage freatment plant
will also depend upon the mass flow rate of the energy supply medium
(plant inflﬁent/effluent). Flow rates may be available in the form of
plant influent flow recordings and/or E.P.A. 201 Facilities Plans. How-
ever, the mass flow rate available as a‘;hermal energy source may, depend-
ing on the aesign and/or operation of each particular sewage treatment
plant, differ from the rates dogumented in available reports or records.

Therefore, the following flow measurements are recommended: raw sewage

‘influent (possibly available from existing instrumentation), plant

effluent, and flow at the proposed supply tie-in point(s) (if different
from plant effluent). Again, measurements should be made on an hourly
basis fof a period of one week (168 houts) during the months of January,
April, July, and Octobe£. Flow data collection periods should correspond
with the periods of temperature data collection mentioned in section 8.2.1.

Existing automatic flow monitoriﬂg instrumentation should be utilized
where possible. Two principal types of flow measurement instrumentation,
the Kennison Flow Nozzle-~type installation, and the Parshall Flume instai—
lation, are in widespread use in modern sewage treatmentAplants and will
yield flow rate information of sufficient accuracy for this study.

The Kennison Nozzle installation, pictured in Figure 8-1, makes use
of ;he Venturi principle but typically employs a nozzle,instead of . the
Venturi tube, inserted in (or at the end of) a pipe. The throat of the
nozzle is considerably larger in diameter than the throat of a Venturi |
tube sized for- the same range of flow, and the resulting total loss of

head is approximately the same. These nozzles can be used on pipes
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varying in size from 6 to 36 inches in diameter and can be used for

metering flows up to 18 million gallons per day (MGD).2l

Rate indicator _| /2
Totalizer = |

ﬁmm/

Kennison flow nozzie installation [from BIF],

21
SOURCE: Wastewater Engineering, Metcalf and Eddy, Inc.

FIGURE 8-1

SECTION .
Schematic of Parshall flume metering instaliation [from Fischer & Porter).

SOURCE: Wastewater Engineering, Metcalf and Eddy, Inc. ol

FIGURE 8-2
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The Parshall Flume installation, pictured in Figure 8-2, utilizes the
Venturi principle for the measurement of water flow in open channels.
Because the throat width of the flume is constant, the discharge can be
obtained from a single upstream measurement of depth.21

Temporary flow measurement methods can be utilized where necessary.
A simple and accurate method of flow measurement in open channels is the
use of one of several weir configurations: rectangular, triangular (or
V-notched), or trapezoidal. The rate of discharge over a weir can be

directly related to the head of the discharge over the weilr by the general

equation:
Ql = ch®
Where
Ql = free discharge, cfs
c - constant, defined for each weir configuration
h = measured head, ft.
n =  exponent, defined for each particular weir

For the widely used triangular (V-notch) weir the equation is defined

as follows:

SOURCE: Wastewater Engineering, Metcalf and Eddy, Inc.21

A preferfed method of flow measurement in closed pipes is the use of
an orifice plate and the attendant differential pressure instrumentation.
In accordance with Torricelli's theorem that the velocity of flow through
an orifice is equal to the velocity acquired by a freely falling body in
a space corresponding to the head over the orifice, the discharge through
an orifice is :

Q = cAV = cAJZgH
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8.2.3

8.3

= 'discharge, cfs *

constant, depending on orifice configuration
orifice area, sq. ft.

velocity, fps - L)
‘acceleration due to gravity, ft/sec

heat ft

e <> 00
[

SOURCE: Wastewater Enginéering, Metcalf and Eddy, Inc¢.?!

An acceptable alternative ﬁethqd to orifice plates would be the‘usg

. of an Annubar-type device which also relates flow to the differenfial

_pressure across the device.

Depending on the specific point of application, tﬁe above mentioned
methods may be'impractical or impossible, in which case‘reasonable estimates
may be developed through computation. .This method involves applying

standard flow formulas to field-measured data such as depth of flow and

. slope of discharge pipes. 1In additidn, a coefficient of roughness must

be selected. The method is, at best, an approximation dependent upon the

. _ 21 ‘ '
steadiness of flow at the time of observation. . Nevertheless, this method
may serve in place of, or as a "ballpark" verification of, more sophisti-~

cated methods.

SUMMARY

With the above mentioned data in hénd; a?detailed estimate Qf the.Quan-,
tities of thermal enefgy available at the system-to-treatmenf plant inter-
face can be developed. This data will also form the'basiS~for the per-
formance evaluation of the overall HP-ICES scheme.

CENTRAL STATION HEAT PUMP EQUIPMENT

Once a data base 1s established for the conditions and amounts of '
thermal energy that are available at the source(s), a:compfehensive per-

formance analysis of the HP-WHR scheme can be undertaken. vaiously,
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the key component in this schemévis tﬁe Céntral Station Heat Pump
Equipment and ifs pe;formaﬁce as the'interface,betweeﬁ the energy source(s)
and the distribution medium. . Since.perfbrmance déta for the Cent;al Sta-

“ tibh‘équlﬁmént'will‘likéIy;not be available for the specific range of
conditions of the-thermal energy soﬁrce,‘a significant effort should be
directed toward deveioping this data to be usea in the detailed performance
analysis.

8.3.1 PERFORMANCE TESTING

Test procedures for Centrifdgal Water—Chilling:Packages are outlined
in ARI Standard 550-77 (Air Conditioning and Refrigeration Institutefuand
will be adopted for the performance testing to be done in conjunction with
this analysis. |
Testing should be performed in a laboratory environment, similar to
that utilized.fof industry rating tests, where all variables_may be‘controlled
to the toierances set forth in the.ARI 550-77 standard. It may be desirable
to contract ‘an outside agency to perform-the actual testing.
- At least four sets of performancg tests should be performed; each
set to reflect the specific initial conditions dacumented in one of the
four baseline data tests. The following test data, relevant to the per-
formance of the unit, will be taken:
A. Tempefature of water'entering cooler, °F
B. Temperature of water leaving cooler, °F
C. Chilled water flow rate, GPM or 1b. per hr,
D. Temperature of entering condenser water, °F
E. Temperature leaving condenser water, °F ‘

F. Condenser water flow rate, GPM or 1b. per hr. -

G. Power input to compressor motor; KW

~ From this data, a heat balance will be performed (to the prescribed

124




closure of 7.5 per cent) to substantiate the results of the test. 'ﬁith
validated test results, an.éccuréte C.O.fﬁ can be derived for e#ch set of
baseline and operating conditions. Likewise, actual capacity in tons can
be derived. Geheral formulés for the heat balancé, C.O.f.; énd capacity‘
are included in Appendix D,

8.3.2 WATER QUALITY

A significant factor that willAaffeCt the performance of the Central
Station equipment is the quality of water available from a sewage treatment
system to be utilized as'thq thermal energy source. Due to the presence
of suspendéd solids in the'form'bf,BOD (or decomposable organic matter) in.
raw sewage, there is the poSsibility of methane gas generation andgreténtion
in gpme'segmenté of the HP-WHR system. The moét significant problem involved
in utilizing sewage as the~thermal energy source, though, is that'of an in-

-.creased fouling factor on the heat exchanger surfaces.
Methané gés generation occurs in a sewage treatment system when the
organic suspended solids (BOD), settled and collected at various'points
Jin the system, are reduced by biochemical digestion (typically in a tovered,
anaerobic sludge digestor). Such sludge«digeétors may utilize portions of
the methane gas for temperature regulation within the digestor, while
other designs may simply»dispose of the excess gas with én open-flame
flare. It qrder to avoid unnecessary methane generation in the Central
Station equipment and its associated piping, the organic éuspended solid
content in the portion of the wastewater circulated througﬁ the Central
Station equipment heat exchanger will bé minimized by extractingvit frqm
the sewage treatment system at points following sludge removal (prévidiﬁg
that the wastewater at these points is of sufficient temperature). It‘is

- expected that the remaining organic suspended solids will be minimal and
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that any appreciéble build-up-;n.the.heat.exchanger can be avoided by
-optimizing the wastewater flow rate th;oughlthe Central Station eqpipment.
The design df most treatment plants will allow existing,'open-type

clarifiers to serve as accumulatdrs for the thermal supply medium. Thus,
the need for an enclosed, thermal supply medium storage vessel, along with
the potential for methané gas generation/retention in the HP-WHR system,
is avoided. 1If, in fact, such a vessel is required by the design of a
particular sewage freatment system, provisions for methane disposal may
be included in the design‘in'accordance wit% standard wastewater éngineer—
. ing practice. In regard to clarifier performance as utilized in the HP-WHR
scheme, standard manufacturers data is available in reference to. storage
capacity (volume), surface area, surface settling rates, maximum and mini-
mum retention Fimes, etc. Temperature and flow data will be developed at
the clarifier as explained in sections 8.2.1 and 8.2.2 if {t, in fact, proves
to be the most advaﬂtageous tie-in point for the Central Station equipment. )

Increased fouling factors on the Central Station equipmeﬁt heat ex-
changer surfaces will prove to be the most troublesome problem associ-
ated with water quality in the HP-WHR system. The ARI standard for water-
chiller testing assumes a fluid with a fouling factor of .0005 (also
widely used as the rule-of-thumb in industry). However, water quality
data surveyed from various sewage treatment plants indicates that fouling
factors may range to several times that figure. The foﬁling factor for
water samples taken f;om the Chicago Sanitary Canal has been quantified
at .006 to .008. (a table of typical fouling factors from Reference 7 is
reproduced in Appendix D as Table D-1.) .

The first step in defining a fouling factor for the quality of waste-

water to be circulated through the Central Station equipment heat exchangers
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should be collecting wastewater samples, representative of the water that
will be circulated at the point in the sewage treatment process where the
thermal energy supply medium will be'extracted,l A full water quality‘
analysis should be performed by a qualified testing agency or laboratory,
and the analysis compared to typical analyses for the types of fluids for
which a fouling factor has been defined This comparison should give a
"ball-park figure for the:expected fouling factors.

In order to obtain better defined data, though, more testing would be
required. An additional performance test may be desirable in which the
average baseline conditions are duplicated'and the water supply to the A
evaporator simulates the water quality'of the thermal energy_sourceQ " Such
a test would reveal the immediate discernable effects (if any) of water
quality on C.0.P. and give an indirect indication of the fouling factor.
(The decrease in performance resulting from a higher fouling factor:is
rougnly equivalent to raising the leaving condenser water temperature‘2°F

" for every ..0005 increase in the foulingAfactorL) Figure 8-3 shows the
estimated bercentage'reduction of the nominal C.O.P. et fouling factors .
ranging from .0005 to ..0025 for either the evaporator or condenser.
.Continued testing under the above‘specified conditions will quantify’the
long term effects on the Central Station equipment C.0.P. and allow calcu-
lation of the actual fouling factor. (Formulas and definitionslconcerning
fouling factorS‘are.included in Appendix B:) Moderately‘high fouling
factors (.0005 to .0025) may dictate simply that a larger evaporator heat
exchanger be specified. for the Central Station equipment. Very high foul-
ing factors (over .0025) may require that a‘mechanicalicleaning system
for the heet exchanger be specified. Several methods are acceptable,

ranging from manual inspection and flushing,,to~reVerse-flow.activeted
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8.4

brush scrubbers, to a continuous cycle, spherical rubber scrubber system
such. as an Amertép.

Once a range of vaiﬁes for the éxpecfeﬁlfbuiiné fécéér oflthe'waSte-
water is determihed, a final equipment test (or set of tests), iﬁcorporat-
ing the appropriate mechanical cleaning éystem(é), is recbmmeﬁded to develop
the baseline infor@atibn néceséary to evaluate the performance of thgse
systems in this parti@ular abpliéatien.' Frdm this performance evaluation,
general guidelines for design épecifications and 6perating proéedures in

the HP-WHR system application can be developed.

S 9k | COP = 105. - 9000 (FF) uy
e . -
s 9 | | -
° .
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FOULING FACTOR (hr 12 °F/Biu)
REDUCTION OF PACKAGE CHILtER c.0.P.
AS_A FUNCTION OF FOULING FACTOR

SOURCE: Central cgoliggi;-.Compressive Chillers,'Christian5

FIGURE 8-3

END-USER HEAT PUMP EQUIPMENT

The ultima;e community acceptance of this HP ~ICES scheme will depeénd
on the energy efficiency of the heac-pump equipment in use in homgs and
places‘of business. This scheme offers the initial advantage of utilizing
in the end—user_seément water source or hydronic heat pumps. However, it

is expected that the performance of the end-user equipment will be even
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8.4.1

more improved by the effect of céécading théaheaﬁ éain of_thg'hydronic
héaé pﬁmp with'ﬁhaf of the Centrél Station equipment: Obvioﬁsly; the per-
formance of ‘the end-usertequipmentAﬁill depend upon the conditions in thé
distribution médiuﬁ supplied by the Central Station eﬁuipment. Again it
is expected tﬁét application ratings for this specific seﬁ’of conditions'
will not be avaiiable. To complete<the déta-needed for the'detailed'peré
formance analysis, tests on the end-user heat pump equipment must be
performed.

PERFORMANCE TESTING

Test proéedures for Water-sdﬁrce heat pumps are Outliped'in ART"
standard 320-76 (Air-Conditioning and kefrigeration Institute)ss and will
be adopted for the performanég testing to be done in-coﬁjﬁnction.withlthis
analysis.‘

As with the components selected for use at tﬁe'Central Station, end-user
equipment should be tested in a laboratofy Environment where all variables
may be controlled to the tolerances set forth in the ARI 320-76 standard.
Again; it may be desirable to contact an outside‘agencyAto.perfofm the
actual testing. VFouf sets of performance tests shoﬁld be performed; each

set to reflect the distribution medium conditions documehted in one of the

~ four Central Station equipment tests. Test conditions set forth in the

procedures for the standard rating test should be adhered'to; with the .
exception of the water temperature enfering the refrigerant-to-water heat
exchanger, which will correspond to the 6utput temperature of the distribution
medium from tﬁe Central S;ation equipment. |

From the performance data gathered in these tests, aécufate C.0.P.'s
(or Energy Efficiency Ratios,‘EER's, as appropriate) can be derived for

each set of 'seasonal operatingfconditions.
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8.4.2

8.5

8.6

PROCESS HEAT RECLAIM EQUIPMENT

In addition to residéntial and commercial spaceAhe;Fin§ and,ppoling
ngeés,.it is expected that portionsfofAthe thgrmal load from this HP-ICES
may‘be applied in‘industriél processes. waever, due to the wide variety
of heat exchangeré that mdy be utilized in ipdus;ry, it is impractical to
outline a specific performance testing procedure for each. Instegd, pro;

cedures will be outlined and performance data developed as specific appli-

cations (and the required equipment) are identified.

SUMMARY

With all pertinent performance data documented, tyﬁical dperating
conditions can be predigted and analyzed according to the procedures
developédlin Chgpter 3. The resplt of the comprehensive performance
analysis will be an overall system coefficient of performance (C.0.P.)
which can be_used in economicagnalyses, energy effectiveness studies, and
otheg.similar performapce cohparisons with other.systems. Satisfactory
perfofmance, considering all the parameters discussed in previous sections,

will allow the utilization in a community system of heretofore wasted

heat in sufficient quantities to make such an HP-WHR system practicable.

- The ultimate success of this HP-ICES scheme will depend on its
economic feasibility, either now or in the foreseeable future. Quite
obviously, the economic feasibility will directly relate to optimizing

the overall system C.0.P. for the specific operating conditions for each

~site of application.

METHODOLOGY
" Since the performance. testing of the heat pumps (either Central
Station or end-user) dictates a change in magnitude of only one parameter,

temperature of the thermal source, over the standard test procedures, the
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test methodology set forth in the epplicable ARL standards-will:be_adopted

for this performance analysis. Spedific standérds that apply are as

follows:
ARI- 320-76
ARI 550-77

ASHRAE 14-67

ASHRAE 37-69

Standard for WaterFSource Heat Pumps53

Standard for Centrifugal Water-Chilled PackageS'54

Methods of Testing for Rating‘Mechanical51

- Condensing Units

Methods of Testing for Rating Unitary Air?2

Conditioning and Heat Pump Equipment

Additionaliy, recommendations set forth in Chapter 12. of the ASHRAE _'

Handbook of Fundamentals, "Measurement and Instruments",

30 will be foliQWf

ed in the test procedures.

Unfortunately, it is beyond the scope of this discussion to outline

detailed test procedures for each specific piece of equipment that will be

utilized in this HP-ICES scheme. Accordingly,Adetailed’test proeedureSA

will be developed at the outset of the actual testing program. ' A procedure

for testing and_analysié was developed in "Demonstration of Building Heat-

ing with a Heat Pump Using Thermal Effluent" by Peter W.‘SectOr,33 and will

‘be used as a model in developing the detailed test procedures for this

program.
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9.0 ANALYSES DESCRIPTION

s oLy

9.1 INTRODUCTION ' - SN

9.2

The specificzassuﬁptfdnsAaﬁd mefhodoIogy pertaining to ‘the various
analyses made in this report are described in the body of the report within
each section. However, this section provides additional insight into the

assumptions and calculations used in the Potential Applications Expected

'Economics and Performance sections of the report.

The tendency in most cases was to be conservative in the analyses
and make what was considered to be reasonable assumptions. Practical en-
gineering approximations and common industry practices were used where
necessary. It was the intent of the authors to provide engineering cal-
culations which would be familiar to the practicing enginéering prdfessional

who might wish to utilize the concept in a specific application.

POTENTIAL APPLICATIONS

The potential applications section of the report is concerned with

estimating the energy saving potentiél of the HP-WHR scheme on a national

basis. The estimaté was developed using the best wastewater effluent flow
statistics available. Unfortunately, the wastewater effluent statistics
are based on domestic water consumption figures and fail to include numerous
thermally attractive sources such as industrial discharges directly to sur-
face water streams and power plant waste heat.

The application of the HP-WHR concept 1is also dependent on population
(user) density, since the distribution system will apparently-be the
dominant capital cost. High user densities will tend to increase the heat
recovery application factor and enhance the energy effectiveness and thus
the desirability of the scheme.

In order to develop a more accurate picture of potential applications
4

i
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9.3

it will be necessary to. develop ‘'a new primary data—base correlating waste-
water effluents, thermal qualitv and density of energy users.

EXPECTED ECONOMICS

The expected economics of ‘the HP-WHR scheme is ultimately the
determining factor in whether or not the scheme will be pursued seriously
and implemented Unfortunately, generalized economic performance is not
accurate'enough for a thorough'evaluation of the system's ‘performance in
all cases.

It 1s possible to make some specific obServations about the effects
certain economic assumptions impose on the overall attractiveness‘of the
system, .Tnese areas are discussed here.

First, the capital cost of the central plant'and distribution system

seriously impact thé cost of energy supplied through thermal transport media.

-It appears that the distribution eystem is by far the most important of

these capital costs. For that reason, areas with high deénsities of thermal

" users will prove more economical.

Financing is another area critical to the'cost of the‘Capital equip—
ment. The interest_rate and mortgage time could penalize the'syStem dur-
ing the initial years_of operation. Of course, as time goes on, the fixed
costS'will remain constant and will become less important as rising energy
costs and inflation affect variable operating costs.

Escalation rates for various fuel sources and -the electric rate
differential between residential and large municipal customers has an im-
pact on when the'H?fWHR.scheme will become competitive with conventional
energy sources such ae natural gas.: This study doesAnot specifically
assume escalation rates for the various fuels,‘but instead,-coneiders
that risk to be accounted for in the present worth factor of the present

worth analysis.
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9.4

The present worth factor is another variable affecting the outcome
of the analysié. In the caselgﬁ?thQ factor. and that of the fuel and in-
flation‘escalation estimates,lan accurate analysis would réquire con;ider—
ation of the best site-specific information available at the ‘time the analysis
is made,

Finally, the';elative cost ofkaltgrhatiﬁé heating and cooling systems
for the residential customer will influence the HP-WHR system reception by
the ultimate consumer. Future coﬁmunit& developmgnts will certainly be more
receptive to such a schemé than would retrofit candidates since  the incre-
mental cost over standard alternatives associated with the heat pump system
will be small. | |

PERFORMANCE ANALYSISi

The objective of our performance analysis is to determine the energy
requirements of the HP-WHR system delivering a given amount of heating or
cooling éffec; for a community when using wastewater effluent as a heat
source or sink. Additionally, the HP-WHR system will be éompared with con-
ventional systems serving the same function. The HP-WHR is modelled as
shown in Figures 3-1 and 3-2 for the heating and cooling modes. As indiéated
in the figufes, the system's principal components are: a central heat pump,
d;stribu;ion pipe lines, water pumps, storage reservoirs and end-user heat
pumps. In actual praétice, the system may consist of a battery of central
heat pumps, one or more storage reservoirs, booster pumps, etc. For pur-
poses of ouf analysis, we have included one end-user heat pump and a single
qentral heat pump unit. The total energy required to deliver a unit of
heating or cooling affect to one residential end-user invélves proportional

energy inputs to the central heat pump unit, the end-user unit and the

associated pumping energy involved in water flow through evaporators, condensers,

distribution pipe lines and provision for thermal losses. Each component
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will be discussed separately.and’aﬁpfocedure for célculating the total
energy (electrical or mechanical) input to the system is outlined utilizing
available performance data. Sample calculations are included in the appendices.

9.4.1 SELECTION OF DESIGN LOADS

Two geographical regions in the United States were seiected for the
study of the HP-WHR system. The details of the houses and the design loads
are given below. The selection of the design heating and cooling loads was
based on the information presented in Reference 27.

Location: Northwest Central Region
. ' |
House 1: Design heating load -= ‘55,000 Btuh
‘ Design outside temperature = 20°F (heating)
Design inside temperature = 75°F . . -
(65°F) degree-days = 8300
Design cooling loads = 11,500
Design outside air temperature = 89°F (cooling)
Design inside air temperature = 78°F (cooling)
Summer equivalent full load cooling hrs = 600
Location: South Atlantic Region

House 2: Design heating load = 31,000 Btuh

‘ ~ Design outside temperature = 22°F. (heating)
Design inside temperature = 75°F
(65°F) degree-days = 2920
Design cooling loads = 25,150 Btu/hr
Design outside air temperature = 95°F (cooling)
Design inside air temperature = 78°F (cooling)
Summer equivalent full load cooling hrs = 1000

9.4.2 ASSUMPTIONS

a) The basic vapor compression cycle as described in section 9.4.3
is used as a basis for the definition of terms'ﬁsed in the analyéis. The
heat pumpé that are used in this analysis are selected from manufacturers'
models listed for study in References 5,6, and 7, sized to suit the design
loads used in our analysis. Brand names of the models are omitted. Heat

pumps and their characteristics are presented in section 9.4.9.

b) The water distribution lines are burried'approxihateiy six
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feetAunderground to minimize heat loss. Under these conditions, the tem-
perature change of the water due to,%eat loss or gain would be very small
since the‘oﬁérating water tembgrétures'are iow;:'This‘aésuﬁQtion is justified
by an example in section 9.4.8. |

¢) The thermal storage'is designed so thét‘thexheat losses -or gains
would be negligible. An approximate analysis of the temperature change of
water in the reservoir is discussed in section 9.4.8.

d) The thermal properties of the clarifiea effluent are assumed to
be the same as thdse of water. |

3) Apart from the heat exchange between the refrigerént ;nd the heat
transfer medium (Qater-to—air),'heat losses to the surroundings are negligible.

| Other assumptions will be stated as they afe made in the course of

the analysis and calculations.

9.4.3 VAPOR COMPRESSION CYCLE

The heat pump used in the anlaysis of the HP-WHR system is based on
the vapor compression refrigeration cycle (Figure 9-1). The ideal cycle
consists of the following procesées:

1.) isentropic coﬂpression of the vapor

2.) constant pressure heat rejection from the refrigerant in the
condenser to the surroundings

3.) dirreversible adiabatic expansion (throttling) in the
expansion valve

4.) constant pressure heat absorption by the refrigerant
in the evaporator from the surroundings

In actual cycles, there are losses due to the pressure drops in the flow

tubes, heat loss from the tubes, inefficiency of the compression process, etc.
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" CONDITIONED! . dwater

MEDIUM | {SOURCE
: COMPRESSOR :
\ ' 7 .
: . Qc 1. - Q¢ :
, . g |
' .
| ~ EXPANSION |
| VALVE i
J . . . 1 i
T® —CONDENSER 3 ) A EVAPORATOR |
e e e e s e —HEAT— — —PUMP = — — —— — — —
BASIC VAPOR COMPRESSION CYCLE
FIG. =1
The coefficient of performance of the heat pump is given by
Q " ho~h, o
cOoP = Fnerey imput - hz-h3 R
(ideal) _ Lnergy inpu 2™ ‘
COP = Qc " - (9-2)
(actgal) Eth
Where Eth is the total energy input-to the unit including

motor losses and Qc is the heat rejected in the condenser.
The coefficient of performance of the chillez; (refrigerator) is given

by

CoP ‘ | - QL o - (9-3)

(refrigerator or chiller) Eth

‘Where 'Qc is called thevrefrigerating effect or cooling.
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Heat RejéctionvFacfof (HRF);
'This is the ratio of heat exchanged in ‘the condenser to that exchanged
in the evaporator.and-it is related to the coefficient of perfbrmance

COP as follows, 'Using the develépment in Reference 49, we have

J(HRF)E] :v , ' (9_4)’

COP “[HRF-1]

HRF = (é%g%) | ' (?—5)

Where
E is l.O'ﬁinus.the proportion of input power
not delivered to the condénsér,‘expressed as a decimal, and its value depends
on the manner in which the compressor is cooled. Throughout our anaiysis we have
assumed that E = 0.92. |

Also 1t can be shown that

COPheat pump N COPrefrigerator +E 4 (9-6)

9.4.4 CALCULATION PROCEDURE

Calculation procedure for the energy requirement of the HP-WHR system
to deliver a given amount of heating effect to the end-user.:

Heating mode - Reference is made to Figure 3-1 and it is assumed that

the heat éxtracted from the distribution water flowing through the evap-.
orator of thelend-user heat pump equals the heat rejected to the watef in
the condenser of the céntral heat pump.

The totai energy requirements include the work input to the com-.
pressors of(the.end-ﬁser heat pump,‘the centrél heat pump and tﬁe énergy-

required to overcome the distribution losses.
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End-user heat pump:

ch = heating(load
work input to end-user heat pump:
- q . , |
- ce. o : _
Wee = Top » C L S
end~user - o .

' Heat absorbed in the evaporafor:

Q .= Sgg, A ‘ ’ ‘ ‘(9-8)

ee HRF
Where

HRF 1is called the heat rejection factor given by

- COP
HRF = (COP-E)
Where

COP is the Coefficient of Performance of the heat pump.

Qe;‘= ﬁlw cpb(rel_TeZ). “'. | | (9-9)
.where | |
Tei and'Te2 a;é the entering and 1éa§ing temperafurés of
water flowing ;hrough the evaporator,.ﬂQ the mass rate of flow of water
and cp its specific heat. |
Using the above‘QQuatidn the mass rate of flow of water is caicui;téd
.and used for the qomputa;ion of pressure drops as expiained in the analysis

section.

Central heat pump:

Qc = Qe- ,
(central heat pump) (end-user heat pump)
Where Qc = heat rejecfed in the central station heat pump '
Qe- = hedt absorbed in the end-user heat pump
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Work input to'compressor-of céntral’heat pump is defined by the
following equation:

A

W = Qc(céntral heat pump) : ‘ ‘ (9-10)

COP (central heat pump)

Total energy'input to compressor:

IW = W + W . (9-11)
c c c 4 .
(central heat pump) (end-user heat pump)
zwlosses = Wp + logses unaccounted

]

10.05 U . . (9-12)

Note: In the section on analysis it is shown that the pump.enefgy
associated with one end-user is approximately 5% of the total energy input
to the compressors. However, as indicated in the sample calculations, the
reduction in system COP would be 4-5% if the losses increased to 10%.

‘Total energy input to the HP-WHR system is defined by the following

equation:
E = W+ IW
system c . losses
and therefore: _
COP _ (heating load) ' (9-13)
. system E
system

A similar calculation procedure is used for the cooling mode.
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9.4.5 ANNUAL ENERGY CONSUMPTION

The calculation of theAannual energy consumption of the HP-WHR System to
deliver a given amount of heating or cooling ‘effect involves the use of
the part load performance data on the end-user heat pump (water—to—air),
the central unit (water-to-water), ‘the pumps and 1nformation on the transient
performance of the thermal storage reservoir. AInformation on the part load
 performance of water-to-water cbmpressive chiller is available (Reference 7)
but no precise data on part load performance of water-to-air heat~§ump3'is
reported in technicel literature at the present time,- The epduuser
ebnsumes.aboht twice the energy consumed by the central heat pump in the
HP-WHR system.
As discussed in section 3.5.2, heet pumps. suffer dynamic effieieney‘
losses due to parttlbad.operation during the year.; Asepming:that the
dynamic efficiency losses of the HP-WHR systeﬁ are eimilar to those ofi.
,copventional heat pumps,its annual steady state eneréy_consnmption is
.. adjusted as follows: |
Annual energy consumption = steady state energy,censumpt;on x F
" Where the fecter f allows for tNe

dynamic efficiency losses. According to Reference 10 the values of

F are:
Heating season F = 1,096'
.COOIieg season F = i.164
Annual  F = 1.8

Conventional systems: The'érocedure'erplained in the chapter on Eﬁergy
Estimating Methods in Referegce 49, is used as the basis for cemputing the
annual energy consumption of gas warm air heating Systeme. The annual energf'
consumption by the air-to-air heat pump was calculated by usinggthe'seasenal
formance factor obtained from Reference 5. |
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and the heat extracted from the distribution system,

(9-15)

QT Y
HRF

. Where HRF heat ‘rejection factor.

For the heat pump operating in:the cooling mode

W, =X . = % - S (9-16)
Copcooling (Copheating—E)
and the heat rejected Qc T = 'QL x HRF . . (9-17)

If the heat rejected Qc”by end-user pump 2‘(cooling'mode unit) equals QE’ the
heat extracted from the distribution water by end-user pump 1, then theére
will be no net change in the energy of the distribution water and no work

will be required by the central'heét pump.

That is
HRF2
For the special case HRFl = HRFé = HRF
QH
QL

For other loads, the net energy (heat) added to or extracted from the effluent

| will depend on the net demand(heating + cooling) of the load from the community.

EXAMPLE: Consider the case of two heat pumps whose COP's are the same, that

is 2.96, and E = 0.92, then

2.96

HRF; = 5796-.92

= ;.4?6 f HRF2
Ly

(1.456) x (1.456) = 2.12
QL
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HRF .= 1.456

CoP . S 2.96;:-COP:‘ ..:. 5 2.04
heating mode - : cooling mode -

55,000 Btuh‘ﬁeating‘

oy =
2) Q, = 25,943 Btuh cooling
55000 ' B
LS T T
25943 - '
L n A 12717
. TOTAL IW = 31298 Btuh

and heat delivered (in the condenser) to space = 37613 x HRF, = 55000 -

2
Total load = 55000 + 25943 = 80943
Total IW_ = 31,298 + 0.05 IW = 32862

80,943 '
Net COP system = W = 2.463
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' 9.4.6 SIMULTANEOUS HEATING AND COOLING ANALYSIS

The need for-simultanedus he#ting and éooling will probably arise
during the early parts of Fhll‘andASp:;ng seasons when the internai heat
géins in some buildings excéed tﬁé hea; loss. 'Tﬁe total -energy teéuire-
ments of HP-WHR éystem in such a sitﬁation will depend on tﬁe distribution
of heating and cooling loads and the water distribution system will have to
be designed to handle the simultaneous demands of heating and qooling
loads.

| The energy requirements bf the HP-WHR system can be calculated by

: END-USER END-USER
assuming the model as shown in Figure 9-2. REQUIRING COOLING REQUIRING HEATING

- = ——— = ——— - e e e - ——y

HEATING LOAD

! :
! 1
' i
' :
: QG : IQC
! .
0 et We
: = |
| | !
o VA ' '
] | | i
CENTRAL STATION ! [ } Vo _{ ________ .
COLD - N £t A i G
—-—-.—1 N
WASTEWATER :
L ]
|
7 THERMAL {F—— —$—
w STORAGE

MODEL FOR SIMULTANEOUS HEATING AND COOLING
Fi1G.9-2

In this system, the heat rejected by the heat pumps acting in the cooling
mode can be used as a heat source for the heat pumps acting in the heating
mode, and the net effect is a'reduction in the work of the compressor

of the central unit. As an example, 1e£ Qu~and QL be the heating and

cooling loads respectively of and in heat pumps 1 and 2. Using the equations

in section 9.4.3, we have

V., = Q (9-14)

end-user pump corp
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For a mass rate of flow of 3832.75 l%% and a total head loss .

AH = (12 + 25 + 25 + 22) = 84', ‘the work of the pump assuming an efficiency

of 50% becomes 827.6 Btu . In the sample calculations for the heating

hr-

" mode the pumping loss is shown to he 3.454 of the energy input to the
compressors..'In order .to allow for unaccounted losses, the thermal and
distribution losses are assumed to.he 5% of the total energy input to the
compressors in all performance calculations. However, increasing the
distribution losses to lQA would reduce the system CcoP byvaboutfﬁfSZ.'

The work required to pressurize the water by 100 psi and the con-

sequent temperature change is discussed in Appendix D.

- Heat Loss and Temperature Drop in the Distribution Piping

The heat loss from pipes buried underground depends on the thermal
conductivity of the soil, the pipe size and material, the ground temper-
ature and inside water flow conditions. The thermal conductivity K of the
soil varies widely depending_on whether: the soil is dry and sandy, wet and
fclay, etc.,,and has. -to be'inyestigated;for the particular area under con-
sideration. The thermal.conductivity values taken from Reference 46 are
glven in the TABLE 9-1 and, as suggested by the "author, 1to‘be’
used only when precise data are unavailable from a site-specific .

soil survey.

Heat Loss from Pipe:

The heat loss per foot length of buried pipe is given by Reference 46

and 7 is used as a guide:

_ Btu B : S
Q = K(T) -T.)» 5r e, N ¢ 2
Where
= Btu
»Kp heat transfer factor, h FL.F
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TABLE 9-1

THERMAL CONDUCTIVITY OF SOIL.

k * ‘_, §£24:2£%_
s . hr-ft<-°F
A : Type Soil |
Moisture Content 4§229i | Silty ngz
Dry | , “ 2 ’_ | 1 “ | 1
Medium ' N | 13 | 9 7

Wet 15 15 15

*These data are approximate values and should be used only when precise
" data are unavailable from the site.

SOURCE: -Technical Guidelines for Energy Conservatlon, National Bureau of
Standards.
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9.4.7 DISTRIBUTION SYSTEM LOSSES

Distribution losses consist of pressure losses due to friction
in the pipe lines, thermal losses in pipes and the storage. Since the
energy input to overcome these losses is part of the total energy input
to the system, the order of- magnitude of such losses is discussed in
this section.' | |

Frictional loss in a pipe:

Frictional losses in a_pipe depend on the diameter of the pipe,
the velocity of water and the roughness of pipe. For a veloeity of in
the range of 6 ft/sec, and a friction factor value of f.= 0.04, the head
logs for a lOOOAft; length of pipe is given by

11000 62

H=fL (Py= 0.04 x x J L= 22
=t3 3 0:04. % =7 7032.2) .

o

It is comnon practice to allow a trictional loss ot ahout 2S.ft; per ‘
1000 ft. length of pipe.
?Pump work

The pressure drop due to rlow of water in the condenser and evapo-
rator tubes is usually of the order of 12 ft. to 25 ft. (Reference 5 & 7)

The work of the pump W required to overcome a total frictional
head loss AH distribution pipeline, the evaporator and the condenser tubes
for a nass rate of flow of m lbm/hr per one end-user can be.estimated as
follows: | | | |

o h 4H

Wt Tan, P/ O

Where'né' islthe effiéiency of - the pump. In addition, it may be necessary

to pressurize.the'water for distribution to residences at higher elevations.
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temperatﬁre of fluid in the pipé'ﬁﬁ

3
1]

T = undisturbed earth: temperature

Kp is given by

o1 _ 1, 6 . .4 dip _ )
R = % ~C+"KS In {Z- + @ 1} (9-22)

= Btu
C f thermal condgctan?? gf pipe, Tr-ft2°F
When I '
d - = distance of ground surface to center of pipe

xr. = outside radius of pipe, inches

= thermal conductivity of soil, Btu-inch

‘and .

%_ = 1 + 6 1n _o ' (9_23)

ti = 1inside radius of pipe

_ -, Btu-inch
K, = thermal conductivity of pipe material he-ft2-°F

hi = gurface conductance at the inside surface

of pipe (water side), Btu
, . hr-ftZ-°F

r-

Additiopal.thermallresistance can be added to the pipe if insulation
is usé&. | o

Kp factoréAcan be caléulated for varioué other systems, such as two
pipe‘running in a.tunnel, a single pipe-with different kinds of insulationms,
are presented in the form of graphs in reference 46. Heat loss factoré can '
also be obtained from manufacﬁurefé. |

~ For the case_of,a single plastic bare pipe (Q.D; =J12"), buriéd

six feet deep in Ehe ground at 55°F (medium dry, sand and clay soil), the

Kp factor was found to be 1.422, The heat loss per foot length of pipe
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Btu

for water at 80°F was found to. be 35.5 =—— “hr ft'

For dry and sandy soil,

Btu

the heat loss would §§_9f5 hr.ft

Temperature drop in pipe lines:
Heat loss.Q = m pr(T2 -.Tl) ; S ' (9-24)
~Where . |

@ is the mass rate of flow of water and is given by

n = pAcV
4. - | ) )
Tl’T2 = inlet and inlet temperatures of water flowing inside a pipe °F
Ac. = 'cross sectional arigmof flow, ft.?2
p = density of water, == 3
) vV = velocity of water in plpe, E% :
Using a heat loss of (35 5 x 5280) EEE-f or 1 mile length pipe and a flow

velocity of 6 ft/sec, the temperature drop_(Tl-Tz) is found to be less
tﬁan a degree. This will Be offsgt by'thé temperature rise due to pressur-
ization in thg pipe‘and‘frictioﬁal losses. The tempetatﬁre'rise due to a -
pféssuie increase of 100 psi is shown in the section dn pump analysis.

“Thermal storage: '

The size of the thermal storage tank should have-sufficient'capaéity
to maintain a constant supply of water for'several hdurs. It shéuld have
sufficient thickness and should be'dimensioned'ftr minimum surface area to
minimize heat«losséé. The rate df chénée'of téﬁperature of water in the
resetvoit at any instant cén be estimated by an énergy balaﬁce.tFig.'9—3

N dE’

Q = 4 .m. '(hz-hl) . .+ ‘@ . . . (9-.25).
-Whgre,f

E = the internal energy of water in the reservoir
= MC (D)

(symbol legend cont'd)
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‘Ok = time

Q = rate of heat. loss from ‘the storage reservoir and

: e ; g 4.4 Btu .
CV _‘spec1f1c heat of water = ‘l’o'lbm
T = temperature of water
f. = mass rate of flow
M = mass of water in the storage
ﬁ(hz-hl) = -total enthalpy change of water entering and leaving the

reservoir. . :
The volume. of the tank containing say, 5 x 106 gallons would be

6.67 x 105 ft3. For minimum surface areas,fthe'diameter and height would

be:
D = 94.7 ft. = diameter
L = 94.7 ft., = height
The exposed surface area . . ,AS,? 35217.6 ft?

The effect of the heat transfer Q .on the rate of change of internal
' energy, %g can be studied by neglecting i(hz-hl) for the given instant.

. Then .
= - = m4E | | -
Q = VA(T-T) = Mg } - (9-26)
-Where ,
To is the temperature of surroundings

Assuming a 7U" yélue of 0.3 %%Ef27§7 (based on inside area) for

wall structure composed of thick concrete and exposed to outside air

temperature of 0°F, and inside water tempefature df'80°F, we have

dE -0.3 x 35217.6 (80-0)

de 5 x 10° x 8.33 x 1.0
* or ' o
' °F ..
dT _ -0.0203 fr SimcecC, = 1.0
e r v
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This is the rate of change of temperature of water in the storage at
the instant when its température is 80°F. This anéiysis assumes that there
are no temperature gradients within the reservoir. However, in the actual

system temperature gradients may exist.

FiIG. 9-3

-BLOCK DIAGRAM FOR THERMAL STORAGE ANALYSIS
R, |

X7,
/\////

rh-/—/—>_//|.z e 4/// )
L2727 % ///2 Ziat
D |

e
\{\\
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9.4.8 HEAT PUMP PERFORMANCE DATA

" The discuséio# presentgd héré illustrates :he'procedure for computing
COP's from the information on actual heat pumps given in Reference§‘5,6{7.
The TABLES and figures for the performance of heat pumps are presented only
for 1llustration. They do not. cover the full range of data usgd in our
calculations. | |
END-USER HEAT PUMPS - actual performance data on water-to-air end-user
heat pump is obtained from thg information given in Referenceé 5 an§‘7 in
which the parameters such as heating capacity, cooling capacity, COP and
EER are related to the entering water temperature by means of equatiéns.
Values of heating capacity and COP obtained by the use of these
equations are shown in Figures 9-4 and 9;5. The COP values used for the
cooling mode of the heat pump Qere converted from EER values given in Ref--
erences 6 and 7.

CENTRAL CHILLER - the. performance of ;he central chiller is given by the
relation (Reference 5) |
% of nominal power input = 916.347 + 0.532633 9:9) —”0.000559686 (X?) +
0.0000230630_ (x°)

| - 32.7860 (LCWT) + 0.378447 (LCWTZ) - 0.00142857(LCWT3)

-+ 1092.31 <+ 2071,02
LEWT LEWT<

(9-27)

Where:
X = 7% of full load

LCWT
LEWT

leaving condenser water temperature (°F)
leaving evaporator temperature (°F)

]

which permits us to find the COP of the chiller for various values of

temperatures of water or effluent entering and leaving the central chiller.
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WATER-TO-AIR HEAT PUMP
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The COP of the chiller for a given set of Water temperatures other than

the rated conditions is given by

COP = COP . ) o  (9-28)

chiller —_pominal -
% nominal work input expressed as a decimal

The cop chiller foﬁnd.for the given temperatures of water, is related
to the COP heat pump by equation 9- 6 given in section 9.4.3. The
COP value, found by using equation 9-28 were reduced to allow for the
fouling factors. Info;mation'onvfouling factor coorection presented in
‘Refereﬁce 5 was used as a guide for this correction. The corrected values»

of COP used in our calculations were found by

COP = cop  XF

(corrected) - chiller or
heat pump

Where F = fouling correction factor; a value of 0.931 for F was assumed B
in one calculation.

TABLES 9-2 and 9-3 are included to indicate tﬁe valueg of COP for
representative water temperatures ranges.
‘Air-to-air heat pumps - The COP and EER values were computed using the
information given in Reference 6. The computed values of the COP's for
air-to-air heat pumps for various outside air temperatﬁres are listed in
Chapter 3. For the purposes of illustration, a typical air-to-air

heat pump cycle is pictured in Figure 9-6.
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‘TABLE 9-2

CENTRAL CHILLER

. ' cop
LCWT LEWT ' (Chiller)*
90°F S 50°F . 5.492
80°F 50°F 5.8864.
70°F : 50°F - ' 6.023

LCWT

Leaving condenser water temperature

LEWT Leaving evaporator water temperature

*COP of Chiller for Corrected for Fouling Factors
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LCWT

LEWT

*COP of

LCWT

80°F.

80°F
80°F

80°F

Leaving condenser water temperature

Leaving evaporator water temperature

TABLE = 9-3

CENTRAL HEAT PUMP

" LEWT

40°F
50°F

60°F

70°F

COP
(Heat Pump)*

6.494
6.991
7.361

7.647

Heat Pump Corrected for Fouling Factors
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TABLE A-1

WEATHER DATA FOR TEST CITIES

| WEATHER DATA USED IN THIS STUDY’

ashrag(a) Repreéenfétive B B :
. .~ Heating Heating Degree - Heating. Cooling Year of Deviation
LGty Degree ans ~ Day Range - Degree Days Degree Days  Meather Data Level
Houston - 1278 500 - 2000 1290 2339 1955 3%
Birmingham 2551 - 2000 - 3000 | 2884 1928 1955 . 1%
Atlanta 2961 2500 - 3500 . 2821 1589 1959 . 6L
. Tuisa 3680 3000 - 4000 3504 1989 . 190 - 6s
.. Philadelphta 4486 . 4000 - 5000 4508 1104 081 ex
' Sesttle 4024 . o 2107 183 1960 2%
" Columbus. 5560 5000 - 6000 . sa62. 809 - 1968 0%
 Cleveland 6381 6000 - 7000 - . 6097 613 | 1964 | loz_i o

Concord 7383 7000 - 8000 . 349 1964 - 0%

1(3)'4He;tfhg degree days-ffom ASHRAE 1973 Systems Handbook, Chapter 43.

SOURCE: . "HEAT PUMP TECHNOLOGY," GORDIAN ASSOCIATES (l‘)“IB)l‘(1
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Houston
Bfrmingham
Atlanti
Tulsa |
Philadelphia
Seattle
Columbus
Cleveland
Concord

TABLE A-2

HOUNTAINSIDE COMMERCIAL BUILDING HEATING AND COOLING DESIGN LOADS

Heating ' '
§7§!'0esign Dry - Design
Bulb Jemperature Heat Load.

{7F) - (Btuh

32 P5,151

22 104,613

23 106,664

16 ns,m

15 121,022

32 86,152

7 139,484
? 139,484
-7 166,150

"SOURCE: "HEAT PUMP TECHNOLOGY," GORDIAN ASSOCIATES (1978)10 .

‘ Conling
24X Design Dry = 21%‘Design Wet Design Sensible
Bulb Temperature Bulb Temperature Cooling Load
- (°F ) (°F ) {8ty
94 80 143,447
“w 143,807
92 m 139,380
99 18 155,656
90 . n 135,318
79 65 112,937
' 76 131,244
89 T 133,217
) o n

131,284

Destign Total
Cooling Load
Btuh

- 206,119
" 195,667 -
189,992
" $03,852
" 187,538
- 124,957
178,640
176,653
“ie4,972




TABLE A-3

EST. HOUSE
DESIGN TEMPERKTURES‘IND HEAT LOAD FOR

HEATING AND COOLING EQUIPMENT

HEATING - : COOL ING

7759 . TTIEVTE 172 3
DESIGN ~  DESIGN . ° DESIGN DESIGN = DESIGN SENSIBLE  DESIGN TOTAL
DRY BULB . - HEAT LOAD "DRY BULB WET BULB COOLING LOAD COOLING LOAD
TEMPERATURE . _(BTUH) . TEMPERATURE  TEMPERATURE _(BTWUH) (BTUH)
Houston - 32 27,000 ~ 94 80 24,069 36,844 .
Bimingham - 22 33,95 %4 78 25,335 35,803
Atlanta 23 .33.288 92 ¢ no 23,126 - 32,994
= Talsa 16 wen. e 208 38,3
- Philadelphia 15 38,242 90 ’ 7 24,880 35,302
" Seattle 2 a 19 65 18,757 205365
Columbus 7 42,913 88 . 23,468 33,090
Cleveland 7 42,913 89 s 24,454 B 32,845
Concord -7 52,08 88 . 73 23,87 - 30,80

SOURCE: "HEAT PUMP TECHNOLOGY," GORDIAN ASSOCIATES (1978) 10




MOUNTAINSIDE COMMERCIAL BUILDING GENERAL CHARACTERISTICS

Building Style

Gross Floor Area

Exposure

Occupancy |
Lighting and Equipment Baseload
Constructfon Walls

Roof

Windows and Doors

Floor Slab
Ceilings

Stairwell

168

Two stories, masonry construction
5580 square feet |
Front of building faces north

40 persons (maximum) -

14 K (maximum)

Stucco surface over 12° concrete
blocks (38# 1ight, filled), 1-1/4"
furring (16" on centers) and 1/2"

styrofoam. Inside surface s 1/2"
gypsum board. Net wall area: 4724

square feet.

3/8" asphalt built up roof over 1/2"

plyscore sheathing, 2" x 10" rafters
16" on centers), fiberglass {nsulation
6") above 1/2" acoustical tile.

Roof area: 2790 square feet.

Safety glass, 1/2" double glazed.
Total glass area: 732 square feet.

~ Concrete 4lab, on grade, 24" {insulation

Hung celling between floors carries

ducts and electric and water services.
Ceiling height 1s 11 feet for each floor

| Center staircase located just inside

front entrance, double back design
with turnaround landing.




- TEST HOUSE GENERAL CHARACTERISTICS

House Style Two stories, wood frame, 2 car garage
Living Area’ 1850 sq. ft. (excluding basement).
Room Complement

First Floor ‘ Foyer, 1iving room, dining room, fam11y room.
kitchen, powder room.

Second Floor Master bedroom, large Bedroom. 2 small bedrooms,
. 2 baths.

Exposure | Front of house faces morth.

Exterior Surface : AIuminum siding._ 

Door§ One - wodd panel construction.

- Roof ~ Black asphalt shingles over bu11ding paper and
: : 5/8" plywood deck ,

6lass Areas : 16 g]ass areas. including patio s1iding door. (FOr
- total glass area see bldg. plans.) All windows are
aluminum cased, double hung, weather stripped,
double pave 1nsu1at1ng glass. Basement windows
(2) are single glazed. 1/8" sheet g1ass.

Basement , ‘ . -
Halls - n course. 8 1nch concrete block
Floor 4 inch concrete slab over 4 inch gravel bed,
662 sq. ft.
Crawl Sbace 4 {nch grave1 bed over plastic vapor barrier.
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_TABLE A-5

Table 11. Population sérved by sewers and sewage treatment—by geographical areas

) Percent.of | . Perrent of | Percent of connected
1960 census | Estimated | censun - nationasl pupulation—
Geagraphic areas population | population | population total sewage discharged’
’ - ‘of sewered d ted population
ecommunities | 1o sewers .| to sewers connerted
10 sewers Treated Raw -
New England }. ... ... ... 8.976,.318 1 6.918.405 7.1 4.9 9.0 21.0
Middle Atlantic ?. . ... ... 28,821,298 | 31,169 141 108.1 22.2 91 9] ° 8.}
South Atlantic . ....... .. 13,167,414 { 15,106,991 114.7 10 8- 94.6 S.4
East North Central ¢, . . | 26,136,577 | 20,475,169 112.8 21.0 98 .4 1.6
East South Central ... .. 5,6060,8 6,315,150 111 6 ‘4.5 83.0 1T.0
West North Central ¢ .. ... 10,237,528 | 10,316,560 100.8 7.4 86.1 13.9
West South Central 7., ... 11,618,812 | 13,282,713 114.3 . 9.5 92.4 7.6
Mountsin 5. ......... AN 4,624,927 6,242,973 135.0 4.5 .91 9
Pacific%...... ... ...... 13,075,283 | 19,999,347 152.8 14.2 9.4 .6
Alssha, Haw Puerto
Rico and Virgin lalands.’.| 1,522,064 1,419,598 93.3 1.0 60.6 39.4
Total. .... ..... 123,843,107 [140,226,049 113.2 100.0 93.2 6.8

' Maine, New Hampshire, Vermont, Mansachusetts. Rhode luland. Conneﬂk"ul

1 New York. New Jerney.

3 Delaware. Maryland, District of Columbis. Virginia. West Virginia, \oﬂh C

Georgia. Florida.

Pennsyls an

¢ Ohio, Indisna. Illinoia, Michigan, R imeonsin.
8 Kentucky, Tenneanee, Alubama, Missinsippi.
. ¢ Minnesots. lowa, Missouri. North Dakota, South Dakota, Nebraska, Kansas.
! Arkansas. Louisisna. Oklahoms, Texas,
s Montana, Idshe, Wyoming. Colorado, New \Ienco Arizuna, Utsh, Nevada.
* Washington, Uregon. California.

Table 13.

lina. South Caroli

Percemage data Ior sewer sys!ems and raw and trcated discharge—

_ by population groups
Percent Percent of total population conriected— -
Percent of 1960 ~ . Percent *
’ of total census . . ‘| of total
Population number of | populs- ‘o raw dis-| To raw | To sewage | number of
size groups sewered tion of To sewer | charge or | ‘sewage | treatment | treatment
rommuni- | eewered systems | treatment | discharge | facilities plante
ties communi. facilities ! | facilities
ties
13.9 .5 5 .5 .8 .5 13.7
17.8 1.4 1.4 1.3 2.4 1.2 16.4
41.6 10.2 9.6 8.8 12.5 8.6 39.7
11.7 8.6 19 6.8 7.1 | 6.8 11.4
9.3 14.8 18.8 nl 10.9 1.1 9.9
3.3 11.7 11.3 9.1 6.7 9.2 3.8
1.6 11.3 11.8 9.6 7.8 9.7 2.1
.1 9.8 9.7 10.6 14.1 10.3 1.8
.3 10.4 . n.4 9.7 17.0 9.2 1.2
.2 21.3 22.7 32.6 20.7 33.4 .6
100.0 100.0 100.0 100.0 . 100.0 100.0 100.0

' Population served by facilities in population sise groups shown.

SOURCE:
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SAMPLE CALCULATION: CONVERSION TO PRIMARY ENERGY SOURCE EQUIVALENTS °

BTU TO COAL BURNED AT ELECTRIC GENERATING 'STATION:

1 kwh. Btu
LBS OF COAL = (Qnet) Btu (371—3- Btu =) (10,300 kwh) (1.09)
12,000 Bt

LB

FOR 1980 - 2000: Q.. = 5013.55 x 102 Btu

EQUIVALENT LBS OF COAL = (5013.55 1012%) (3413) (0,300) (.09) -
12,000 |

= 1,374,332 x 105 LBS
BTU TO OIL BURNED IN END-USER SYSTEM:

GALS OF OIL = (Qﬁ ) Btu

139,000 EEE

5013.55 x 1012

FOR 1980 - 2000: Q..

5013.55 x 1012
139, 000

EQUIVALENT GALS OF OIL

36,069 x 10% gaLs

(TABLE 2-1)

NOTE: Qnet is derived from Qtotal

through EQN. 2-4.

<



BTU TO GAS BURNED IN END}USER SYSTEM:

.CUBIC FEET OF NATURAL GAS - Q) Btu
Btu
CFT

pet x 1.08
1,000

FOR 1980 - 2000: 0Q

5013.55 x 1012
net .

5013.55 x 1012
1,000

EQUIVALENT CFT OF NAT. GAS .= x 1.08

5.415 x 1012 CFT
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APPENDIX B

The following calculations were madg to-determine the annual .
energy inputs_of the Central Plant and End Uéer SéhemeéAfof the. HP-WHR

scheme.

Basic Assumptions

Northern Climate

No. of End-Users -- 470

Annual H.V.A.C. Load Requifeﬁénts Per End-User
Heating -- 105.47 x 108 Btu/Yr '
Cooling -~ 18.96 x 10 Btu/¥r

Southern Climate

No. ‘of End-Users -- 980

Annual H.V.A.C. Load Requirements Per End-User
Heating -- 37.92 x 102 Btu/Yr.
Cooling -~ 45.03 x 10  Btu/Yr

Northern Climate

. Heating ' _
(1) Total heat réquired by end users = 470 x 105 5 X 106 = 4.96 x 1010 Btu/Yr

v(2) Energy from distribution system = 4.96 x 1010 x 1 - 3103) =

3.32 x 1019 Beu/vr
.(3) " Energy iﬁput to central heat pump = 3.32 X 10 /6 99 = 4 75 X 109 Btu/Yr

(4) Rwh input to central heat pump 4.75 x 10 /3413 1,392,905 kwh/Yr

(5) Central heat pump equlvalent full load hours =

6

3.32 x 1000 x (1 - =2—)/12 x 10% = 2370 hr/yr

6 99
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Northern Climate (Continued) - '

Cooling o
(1) Total heat rejection to distribution by end-users =

470 x 18.96 x 10° x (1 + 55 = 1.17 x 10'0 Bru/vr

(2) Energy input to central heat pump = 1.17 x 1010/5.42 = 2,16 x 109 Btu/Yr
(3) Kwh input to central heat pump.= 2.16 x 10 /3413 = 632 485 kwh/Yr
(4) Central heat pump equivalent full load hours =

6

1.17 x 10 /12 x 10 = 975 hr/Yr

Southern Climate

Heating
6 10

(1) Total heat required by end-users = 980 x 37.92 x 10 = 3.72 x 10

10

(2) Energy from distribution system = 3.72 x 1010 x (1 - —/—) = 2.49 x 10

3. 03
(3) Energy input to central heat pump = 2.49 x 1010/6.99 = 3.56 x 109 Btu/Yr

(4) Kw input to central heat pump = 3.56 x 109/3413~= 1,043,500 kwh/Yr
(5) Central heat pump equivalent full load hours =

2.49 x 1019 x (1 - 3335)/12 x 10% = 1778 hr/yx

Cooling
(1) Total heat rejection to distribution by end-users =
980 x (45.03 x 10%) x (1 +315) = 5.8 x 10'°

5.8 x 1079/5.42 = 1.07 x 1019 Bru/vr

(2) Energy inﬁut to central heat pump
(3) Kuh input to central heat pump = 1.07 101%/3413 = 3,131,062 kwh/Yr
4) Central heat pump equivalent full load hours =

6

5. 8 X 10 /12 X 10 = 4833 hr/Yr
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Circulating Pumps

Assume circulating pumps run

20 percent more hours than the central heat pump equivalent
full load hours

Northern Climate

1.2 x (2370 4 975) x 75 hp x .745 kwh/hp = 224,282 kwh/Yr

Southern Climate

1.2 x (1778 + 4833) x 75 hp x .745 kwh/hp = 594,990 kwh/Yr

Distribution Pumps

Assume distribution pumps consume the same proportion of energy annually
as they do at full load. .

6%
5%

Northern Climate
Southern Climate

R R

1) Northern Climate Pumping Energy

470 x (105. 5 X 106 + 18. 9'x 10 ) b4 .06/3413 = l 027 858 kwh/Yr

(2) Southern Climate Pumping Energy

980 x (37.9 x 10° + 45.03 x 10% x .05/3413 = 1,190,615 kh/¥r

Miscellaneous

| AUXiliafY'eqﬁipment such as controls, security iighting, etc., is

estimated to conéume an additional 12,000 kwh annually.
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HEAT BALANCE

e

In most cases, heat loesee or‘heat gain4caueed.by oadietion; con-
vection, bearing'ffiction, o1l coolers, etc., are relativeiy small and
may not be EOnsidered'in :ﬁé overall heat balance, but may be.compeosated
for in the heat balance closure allowance.

In‘a herme;ic peckage,vwﬁere the motor.ie.cooled by refrigeren; gas,
chilled water, or conoenser water, the motor‘oooling ioad will be included

in the measured condenser load, hence:

9y + Ixw INPUT = q,
Where
gy = 'met cooling capacity of liquid cooler,‘Btuh
q iINPUT = electric‘energy iﬁput to the oompressor motor,
expressed in Btuh :
oéz = net heat rejected to the condenser, Btuh
CLOSURE: THE HEAT BALANCE FOR THE TEST RUN SHOULD BE WITHIN 7.5 PER CENT.

SOURCE:  ARI STANDARD 550-77 >

COEFFICIENT OF‘PERFOkMANCE (c.0.r.)

The Coefficient of Performance can be calculated, for any specific

set of operating conditions, from theAfollowing_formule:

C.0.P. = Total Heat Out
: Heat In

‘= Compressor heat + Evaporator heat
‘ Compressor heat - '

Where

Compressor heat = Power supplied to unit (KWH)
" x 3413 (BTU/KWH) (includes fan power)
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Evaporator heat = Flow rate (1b/hr)
x Specific heat‘ofowater -
-(1.0Btu/1b-"F)

x Change in water temperature (OF)

SOURCE: 'Demonstration of Building Heating with a Heat Pump Using
’ "Thermal Effluent," Sector.33

ACTUAL CAPACITY -

‘The actual capacity, in tons, can be deterﬁiﬁed by the following

" formula:
“tons = W(Te-Tl)/lZ,OOO

Where

=
]

flow rate of chilled watef, 1b per hr

_ -
il

e temperature of water entering the unit, Of
T1 = temperature of water leaving the unit, °r
NOTE: The specific heat of water is implicit in the equation and is

-assumed to be 1.0 Btu/lbm—?F

SOURCE: ARI Standard 550-77,5%

180

L




R

FOQULING FACTORS

Fouling factors must be obtained experimentally by determining the
“values of U(overall heat transfer coefficient) for both clean and dirty
conditions in the heat exchanger. " The fouling factor is thus ‘defined as:

R, = 1 S | (HR - Ft° = °F)

f — - ,
UDirty UCleanA Btu

and the overall heat transfer coefficient U, 1is defined for ‘a simple

double-pipe heat exchanger as:

U, = ' N R . (Btu'

i - —— e
1 . Ay 1n (rro./ri)A+ Ay }51 )
h 27KL A “h
i o . . . o o
Where
hi’ho = convection heat transfer coefficient
Ai’Ao = surface areas of inside tube
ro,ri‘ = inner and outer radii of inside tube
K = conduction heat transfer coefficient of tube material
L = length of exchanger tubes

SOURCE: Heat Tramsfer, J. P. Holman.L!
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TABLE G-1.
TYPICAL POULING FACTORS

- Lo "

TABLE 7. Fouling Resistances

* “Typical fouling resistances are referved to the surface on which they occur. In-

the absence of specific data for setting ptopel resistances the user may be guided - -
by the values tabulated below, , Voo
Water
Temperatute of Hming Medium Up 10 240°F- 240-400°F
Tempersture of Water 125°F or less Over 125°F
: Water velocity Water velocity
T of W ft/sec ftfsec
} ypes of Water 3in Over in Over
) ) - andless | 3t andless | 31
Sea water ‘ 00005 | 00005 | 0.001 | 0.00
Brackigh water 0002 |0.00f | 0003 | 0.002
Cooling tower and astificial spray pond i
* Treated makeup - 0001 |[o0001 | 0002 | 0.002
Untreated . 0003 |0003 | 0005 | 0.004.
‘City ot well water (such as Great Lakes) | 0.00) 0.001 0002 | 0.002
Great Lakes 0001 ]0.00) | 0002 | 0.002
River water . ‘
Minimum 0002 | 0.001 0.003 | 0.002
Mississippi 0003 | 0002 | 0004 | 0.003
Delaware, Schuylkill 0003 | 0002 | 0004 | 0.003
East River and New York Bty 0003 | 0002 | 0004 | 0.003
Chicago Sanitary Canal 0008 {0006 | 0010 |} 0.008
Muddy orsilty - 0003 | 0002 | 0004 | 0003
Hard (over 15 grains/gal) 0.003 0.003 0.005 0.005
Engine jacket 0001 0001 | 0001 | 0.001
Distilled 0.0005 | 0.000S | 0.0005 | 0.000S
Treated boiler feedwater 0.001 0.0005 | 0.00! 0.001
Boiler blowdown 0002 10002 | 0002 | 0.002

*Ralings in columns 3 and 4 are based on 3 temperature of the heating medium
of 240-400°F. If the heating medium temperature is over 400°F and the cooling
. medium is known to scale, these ratings should be modified accordingly.

. ' _ , .
SOURCE: Handbook of Heat Transfer, W.M. Rohsenow and J.P. Bartnettz.
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SAMPLE CALCULATION: HEATING MODE
Reference is made to Figure 3-1 and the equations and procédure outlined

in the analysis section (See 9.4.4).

DATA:
Tfi = temperature of effluent entering the evaporator of the central
‘ heat pump = 60°F '
T, = temperature of effluent leaving the evaporator of the central
fo — o -
heat pump = 50°F
T 1° temperature'of water entering the evaporator of the end user
€ heat pump = 80°F
Te2 = témperature of water leaving the evaporator of the end user
. heat pump = 70°F
T ., = temperature of water entering the condenser of the central
cl _ ano ‘ : .
heat pump = 70°F ~
T 5 = temperature of water leaving the condenser of central unit
¢4 = 80°F
COP of the end user heat pump = 3.035 (from Fig. 9-5)
COP of the central heat pump = 6.991 (from Table 9-3)
Q = désigﬁ héating load = 55,000 Btuh = Q@ = end-use of the house
based on 75°F inside and -20°F outsid&.
ch = energy imput to compressor of the end user heat pump =
9, (end user unit) = 55,000 = 18121.9 Btuh
- COP 3.035 Btuh
. _ cop 3.035
Heat rggection factor HRF COP—0.97 3.035-0.93
HRF = 1.435
Heat absorbed in the evaporator of the end user heat pump Qe (end user
55,000 = 38327.52 Btuh
= 22,009
heat pump) 1.435 :
Heat rejectedbin the condenser of the central station heat pump = Qe
~ (end user heat pump) = 38327.52
Work input to compressor of the central station heat pump: ch = égéégiég =

5482.41
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Total compressor energy input:' ZWC = wce + ch = 23603 Btuh

PUMPING ENERGY:

Mass rate of flow of water through the‘evapérator'of the end user

unit = Mw Qe (end user heat pump) = Mw'pr (80-70) = 38327.52

Where
c =1.00
-pw . B
= 3832.75 1bm/hr (2.4gpm/12Btu) e

The same mass flows thfough the condenser of the central heat pump.

MASS RATE OF FLOW OF EFFLUENT:

6,991 o _

HRF‘central heat pump) = 6.991-0.02 _ 1.152 N
' o . S 38327 _

. Heat extracted_frqm the effluent in the central stat}on = 1.152 33269.97

33269.97

M ¢ = mass rate of flow of effluent Tx 40y~ 3327.00 1lbm/hr
Meff = 3327.0 lbm/hr

For these mass rates'of'flow'tﬁe'ﬁumping energles for watef flo& through
the condenser of the central pump,‘evapérator'of_the end user heat pump
and the effluent pump were calculated, using theAproéedﬁre'outlined in
the analysis section and the informatioﬁ given in References 5 and 7.
E | = Totalueﬁérgy iﬁput to the system: «ZZW. + IW + othef los;es
System . - F 4 (Leakage, thermal, etc.
It is noted that the pumping energy (827.‘Btﬁ/hr) is 3.5% of the |
coﬁpressor input. Increasing the pumping enefgy by 40% (to aliow for
other losses) would b;ing it to 4.9% (or 5% aﬁprox;mate).
.Total energy input to compressor = 23,603.00 Btuh..

5% of compressor energy = 1180.00
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Total energy input Fo system = 24,783.00 Btu/hr = ESystem?.

oo © ¢ 55,000,
= T2
COP system 24,783.

2,219
NOTE: If in an actual system the pumping energy and other losses is

10% of the total energy input to compressor, then system COP.
would become 2.118 - a reduction of 4.55% in the COP system.
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SAVPLE CALCULA?IOﬁ;_:PUMP ANAL&SIS,

| In the process 6f raisiﬁg'the pressure (or headj of the disfribﬁtioﬂ medium
(water or clatifféd éffluént);nénefgybis'q;nsuméa ﬁy thghpump. The:energy added
fo increase tﬁe préssﬁre increases the énthalpy 6f water resulting in an increasé
of temperagure.A Siﬁée‘heét tranéfer from fhe pump casiﬁg is negligible, ineffi— :
,cienéies due to frictional lossgs‘iﬁ the pumping~procéés'ténd to increaée.the» ',
temperature‘of‘;he Eiﬁid."Pgmpiné'enefgy.and the temperaturé incréase of wétér

during the:pumping process is relatively small as shown in the following analysis:

R/ 35 2 USRS TR 1 o)
p n ' 778 . 1lbm o
Where
Vg = Specific volume of water at its temperature (which)
is»almost a constant ovgr'the teﬁperature range)
P1 P2 = Inlet and exit pressures respectively, %%%
b . R
wp = Work input to pump
,né = Efficienconf the pump
Also energy balance around the pump yields
q+h1_= wp.+h2 - | (D-Z)'
- (wp) = h, - h,
For example, for a pressure rise of
P2_Pi .= 100 psi; water entéring at 80°F, Vf = 0.01607 Aft3
N o , ' ' -1bm
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and assuming»pump_efficiency‘of 70%, we haQeEerm equation (D-1):

. =W: = 0.01607(100)(144) =" 330.58 ft-1bf
LR =70 - - R
or - W' = 330.58 = 0.425 Btu
P T778 . Tom
Also, the enthalpy i'ncrease,‘('h2 - hl) = (W) = 0.425 Btu , (D-4)
- L ' : P 1bm X
'Thg temperaturg rise of water = 'Cp (TZ-T1)~ - .h'Z-h1 = 0.425
Where Cp  = specific heat of water = 1.00 Btu

"~ 1bm F.
' The temperature rise of water during the pumping process is therefore approxi-

‘mately 0.425°F for a pressure iﬁcrease of 100 psi.

188




SAMPLE CALCULATION OF ANNUAt ENERGY CONSUMPTION

'Reference is made to the ASHRAE Systems Volume, 1976. (Ref. 49).

‘a. Conventional Fuel:

A Y

For 40% oversized furnace, C, = 1.79
Assumed rated efficiency; Eff = 0.75
HL = Heating Load = 55,000 Btuh

CD’ For Northwest Central Region

= 0.57 (Degree bays = 8238,

™ = (75 - (-20)) . = 95°F
) <HL X DD‘-X_'24) .
. EHeating TD X Eff. ‘ CD X CF
6

= 155.717 X 10~ Btu

b. Air to Air Heat Pump:

Cp = L.0
Ejeating = (HL.X DD X 24 ) C;
™D X COP
oo Seasonal
coP for N.W. Central Region = 1,382
~ Seasonal - ‘
cop for S. Atlantic Regionr = 2,220
Seasonal S S A
For the Northwest Central region withbc.O.P. = 1,382
L _ Season _
E
Heating = 4,7210 MBtu/yr
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