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Cooling System Selection

Sdecting a building's comfort system
represents a complex tradeoff between a
number of different perspectives.
Architects, engineers, contractors, building
owners and developers have many things
to congder. There are issues of first cost
and operating costs. What does it take to
operate a system? How isthe space to be
arranged and used? While the HVAC
system may represent only 10 to 15
percent of the building's total cost, poor

decisonsin system design made today can
result in Sgnificant problems for building
occupants and owners tomorrow. There
are the horror stories of sky high energy
bills and dmost everyone has heard about
the sick building syndrome — buildings thet
suffer from inadequate ventilation or poor
ar digribution. There are other
consequences of poorly designed HVAC
systems. Poorly designed systemsin retall
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space can affect product sales. HVAC

design errorsin a manufacturing plant can
affect qudity and productivity levels, and in
hospitals and high tech operations, even

the placement of the equipment can be critical.

Asanillugtration, consider an employee making $30,000 per year, occupying 150 square feet of conditioned
space. The cost of that oneindividua can be expressed as $200 per square foot per year. Thisillustrates why
occupant comfort is critical to acompany's success. Even a5 percent improvement in that employee's
productivity can justify areplacement of the HVAC system. And the payback can be less than 2 years. That
makes building owners St up and take notice. But it's not uncommon for building owners to run low on money
during congtruction. Budgets dmost aways end up being too smdl to include everything the building owner
desires.

Thereforeit's naturd to see cuts made as the building nears completion. Unfortunately some of these well
intentioned decisons to reduce HVAC ingtaled costs come back to haunt the building owner and occupantsin
the future. The key to success in the partnership between the designer and the building owner/devel oper isto
look at the building's overdl HVAC system from afirst-cost and an operating-cost perspective. The owner
may dso beinfluenced by a sysem's flexibility in adgpting to changing occupants and changing use. This
evauation requires the understanding of at least five different variables. Comparative equipment cost and
energy performance, energy pricestoday and projections for the future, operation and maintenance costs,
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operating characterigtics of the system and past experience with HVAC systems.

The Stuation is even more complicated today with the phase out of certain refrigerants, tighter regulations, and
heightened concerns over air emission and globa warming gasses. There are awide range of design options,
trade-offs and considerations.
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Related Efficiency Upgrades
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Economizer Cycles

A number of options exist for heat recovery in conditioned spaces. The selection depends on Ste conditions
and economics. The main categories are:

Air-to-air heat recovery

Direct evaporative cooling
Combination (3-stage) cycles
Outdoor air or ventilation cycle
Indirect evaporetive cooling
Chiller "free" cooling

Air-to-air Heat Recovery - is often referred to as the exhaust air heet recovery cycle, since hest is recovered
from the warm air exhausted from a building or process. Categoriesinclude:

* Process-to-process,
* Process-to-comfort,
* Comfort-to-comfort.

Within these categories there are different options. Making the selection is often dependent on the proximity of
the exhaust to the supply air ducts. Consider these factors when making an evauation:

* Energy cods

= Theamount of usesble waste

» Thetemperature of waste hest

= Other conservation options

e Theeffectsonthe HVAC system

» Theeffect on rdaive humidity

= The proximity of the supply and demand

Where exhaust and supply air ducts are not in close proximity, consider the glycol "run-around” loop system.
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Related Efficiency Upgrades - Heat
Recovery
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Therisng cogts of dl forms of energy and the pressures to conserve water have focused attention on the issue
of hegt recovery: collecting heet that would otherwise be rgjected in exhaust air or cooling towers and using it
to augment the heeting or cooling process. In an ided heat recovery system, al components work year-round
to recover the internal heat before adding external heat. The term for this concept is balanced hesat recovery.
However, few systems are this"ided." In any event, a Sgnificant amount of waste heat can often be
economicaly recovered.

Many facilities generate much more heet than can be used most of the year. Thisis certainly true of companies
with significant data processing equipment, large internd zones, or processes that use heet. Some of these
areass may require cooling at the same time other areas are caling for hest (or vice versa). Heat recovery in
these gpplicationsis normaly cost effective and significantly reduces fuel consumption. Typica heet recovery
concepts include economizer cycles, heat exchangers, heat pumps and therma storage.

Energy and fud savings are generated by avoiding the production of heet energy or chilled water or cold air. If
one million Btuh can be recovered from a structure or process and fuel costs $6.00 per million Btu with a80
percent boiler conversion efficiency, Smple arithmetic indicates the savings totd $7.50 per hour.

$6.00 x .80 = $7.50
If acooling load be reduced by 83.3 tons (I million Btuh), and the cooling system operates using 1 kW per ton
with an average power cost of $0.10 per kWh, the savings total $8.33 per hour. These savings may permit a
quick payback on the cost of the hegt recovery system itsdlf.

83.3tons X 1 K W/t X $0.10/KWh = $8.33/hour
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The use of water in cooling systems can a so be reduced with heat recovery. Water-cooled dectric water
chillerstypically use 4 gdlons of water per ton-hour in the cooling tower. If a cooling load can be reduced by

83.3 tons (I million Btuh), 333 gdlons of water per hour can be conserved. Hegt recovery in absorption
chillers can conserve even more.

Site and source air emissions can aso be reduced through heat recovery. The principa contributor to globa
warning is CO2 which is produced by burning fossil fuels. Other emissons will be proportionately reduced,
including sulfur and nitrous oxides, carbon monoxide and particulates.

Other benefits may aso occur. For example, if process or interna heat can be recovered and used, it could

reduce the need for, or even eliminate, a cooling tower or other device used to rgject previoudy unwanted or
unused waste heat.

And Furthermore . ..

Double Bundle Condenser Auxiliary Condensex
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Heat Recovery - Double Bundle
Condenser

Double-bundle condenser or 2-condenser heat recovery can significantly reduce space, domestic water,
and/or process water heating costs. Waste heat, normally regjected to the cooling tower, is captured and
reused. The example shown here heats water to between 95°F and 120°F to satisfy concurrent cooling and
heeting loads. The term "double bundle” or split-head condenser refers to one enclosed shdll housing two tube
bundles separated on the water side.

Split-Head Condenser

Condenser Shell

Flat Heads
Heat [~ Out
Recovery
Condenser_ In
Tower Out —
Condenser In

When the heeting load is present, heet is recovered by reducing the amount of heet rejected to the cooling
tower. Thisis done by modulating water flow through (and around) the cooling tower.

Asthe water temperature returning from the hegting load fdls, the tower bypass vave diverts and incressing
amount of water directly back to the condenser, transferring hest to the heat recovery condenser bundle and
maximizing energy recovery. Hot water up to about 130°F can be produced in certain designs. However, the
economics of doing this depends on the relative vaue of power used and heating energy saved. In addition, this
evauation requires a careful congderation of dectric and fud rate structures.

A back-up heat source is required if the chiller waste heat is not sufficient to reliably satisfy the entire heating
load. And, the double-bundle condenser heat recovery option must be specified when the chiller is ordered.
Obvioudy, the chiller operates at a higher kW per ton when heeting water above ~ 95°F, but thisis normally
very cog-effective snce the COP of heating is high.
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Heat Recovery - Auxiliary Condenser

An auxiliary condenser can be added to a chiller to capture "waste' heat rgjected from the chiller's condenser.
The auxiliary condenser scheme is amilar to the double-bundle or 2-condenser system except the auxiliary
condenser istypicaly smdler than the main cooling (tower) condenser. This recaptured energy is often used to
heat water for domestic or process use. An auxiliary condenser is Smply another smaller condenser bundle
added to the chiller. A portion of the hot condenser gas migrates to this device heet the water flowing through
it. Unlike the "double-bundl€’ method of heat recovery, however, there is no modulating control to regulate the
amount of heat rgjected. Consequently, the auxiliary condenser Smply captures heet at whatever temperature
level the cooling condenser is operating.

The best auxiliary condenser applications show extremely fast paybacks. These include preheating water for
use in hospital laundries, domestic hot water for hotels, and boiler feed water for process gpplications.

Rdatively low temperature water is produced by the auxiliary condenser. However, unlike adouble bundle

condenser, the kW per ton actualy goes down when the hesting water is being produced. While a chiller can
be fie d-retrofitted with an auxiliary condenser, it costslessif it isincluded when the chiller isfirst ordered.
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Related Efficiency Upgrades - Chiller

Seqguencing

Arranging chiller evaporatorsin series can
reduce system flow rate and pumping
power by increasing the system's chilled
water range (i.e., the difference between
supply and return chilled water
temperature). This technique can dso be
used to reduce condenser waterflow. Since
the direction of waterflow through the
condenser counters that of the evaporator,
the series arrangement assures that the
chiller producing the coldest chilled water
receives the coldest tower water.
Consequently, the sysem's overal
operating efficiency is enhanced. However,
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the adverse effect of elevated condenser water temperature on chiller performance forces the designer to pipe
the condensersin pardle even if the evaporators are piped in series.

Sequencing the chillers dso reduces system energy consumption while enhancing rdiability. System loads can
vary over awide range. It is concelvable that a multiple chiller system can satisfy the building cooling loads
with the operation of only one chiller. During these periods, the energy required to operate the second chiller
can be conserved. And, in the event that one chiller fails or requires maintenance, the other machineis il

available to provide coaling.

System temperature control can be accomplished in severa ways. One control strategy assigns the system
design st point vaue as each chiller's chilled water set point. When the system load is 50 percent of total
capacity, ether chiller can satisfy the cooling requirement (this assumes both machines were have the same
capacity and sized to produce design leaving water temperature). Which chiller operates depends upon which
meachine is sequenced on first. For system loads greeter than 50 percent, the upstream chiller is preferentiadly
loaded because it will attempt to produce the design chilled water temperature.

Another control scheme staggers the chiller setpoints. The downstream chiller isloaded first, and any
additiona load is passed to the upstream machine. Equd loading is accomplished by placing the temperature
sensors for both machines after the downstream unit. Thisloads both chillers proportionately to their maximum
capacity. Because the flow rate through each chiller is actudly the entire system flow, some of the pumping
savings provided by reduced flow are offset by higher system, pressure drops.

How and pressure drop limitations make it difficult to apply more than two chillersin series.

And Furthermore . ..
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Parallel Chiller Sequencing

TEMP. COMTROLLERS

Pardld chiller sequencing can reduce energy S
consumption while enhencing reliebility. Building ~ “wares. |
cooling loads can vary widdly. Itisconceivablethat ="

amultiple-chiller system can satisfy the building Ao )_':@_'*

cooling load by operating only one chiller.

However, snce both pumps are normdly run j

continuoudy to avoid starving system cooling coils, @_@_

the operating chiller must produce cold enough

water to offsat the bypass water flowing through
the inective chiller. Chiller sequencing aso provides additiond rdiability for the sysem. If one of the chiller falls
or requires maintenance, the other machineis ill available to provide cooling.

Pardldl-sequenced chillers are typicdly piped in either of two pumping arrangements. One arrangement uses a
sngle chilled water circulating pump. The other uses separate, dedicated chiller pumps (as shown in the
illustration).

To optimize the efficiency of the sequenced chillers, control strategies such as™1/3 - 2/3 flip-flop" can be used.
In this example, the smdler chiller - which is Szed to satify one third of the building cooling load - is Sarted
first. When the load exceeds the capacity of the smdler machine, it is shut off and the larger chiller is Sarted.
Finaly, when the cooling load exceeds the capacity of that machine, the smdler chiller is restarted so that both
chillers are running. This control strategy optimizes the match between building load and chiller capacity,
enhancing the overadl efficiency of the sysem.

Using asingle chilled water circulating pump does not provide standby capability. If separate, dedicated chilled
water pumps are dlowed to be sequenced, system waterflow will decrease significantly as the chiller/pump
pairs are sequenced off. The reduction in system flow may tarve some aress of the building where cooling
loads till exigt.
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Chiller Sequencing - Decoupler

Systems

A hydraulicaly decoupled piping arrangement =T 11t Chiller #3

with pardld-piped chillers diminates many of the . w Mfi_‘! 2y

control difficulties caused by the varigble —— _‘r i_n_’_

relationship between chiller and system flow __I] = chier #2

rates. Decoupled systems can dso easily P = - =

accommodate the addition of variable speed = ‘{ = I =

distribution pumps. 1T chitier #1

Asthisillugration shows, a supply/demand =4 1 1ﬂch 'k

relationships exigts & the tee connecting the Va:' '; Production
supply and bypass lines. Whenever supply and ) A
demand flows are unequd, water will flow into Bypass Line l

or out of the bypass or decoupler line. For v
example, if demand exceeds supply, the flow will i " Distribution
be out of the bypass line into the digtribution side T

of the supply line. When the control system Return Supply +
senses this change, it will energize the next

pump/chiller pair.

How through the bypass line reverses when supply exceeds demand. However, in thisingtance, a specific
amount of surplus flow must exist before a pump/chiller pair is de-energized. Thet is, the amount of surplus
flow through the bypass line must exceed the flow through the next chiller to be shut down.

Because control of the number of chillers operating at any one time is accomplished Smply by noting the
direction and amount of flow through the bypass line, decoupler systems can greetly smplify control of large
multiple chiller plants. In addition, decoupler system staging of pump/chiller pairs and didtribution pump
modulation can provide a very energy-efficient sequence of operation.

This system requires a pump and check vave(s) for each chiller plus separate distribution pump(s). An
additiond bypass or decoupler line mugt be ingdled in the chilled water piping system.
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Related Efficiency Upgrades -
Lighting

One of thefirg things to consider when evauating a cooling sysem islighting. The fact is alarge portion of the
energy consumed by the lighting system shows up as hest in the conditioned space. Therefore, improvements
in lighting efficiency (technicaly called efficacy) decrease building cooling loads. However, thiswill dso
increase the heeting load during the heating season. While uncommon, thisincrease can be aconcern if the
origind building design was "counting on" the hegt given off by lights to reduce the Sze of (or even diminate) a
heating plant. Estimates of .the fina impact of alighting retrofit or change should be made by qudified
professionas taking into account the specifics of a building.

In generd, if the origina building design was conservetive, the hesting system will usudly be able to handle the
added load. And, in mogt ar conditioned commercid and industrid buildings annud total operating codts are
lowered through improvementsin lighting efficacy (Snce heating operating cods are usudly smaler than
cooling). Once again, the find economic evauation should be made by qudified professonds familiar with the
building in question as well asthe prevailing power and fud use and cogts for the building.

Asagenerd rule of thumb, any air-conditioned commercid or indudtrid building with a high percentage of
incandescent lighting will find that converson to amore efficient and effective lighting source will have a
ggnificant impact on building cooling and heating loads. Only 10 percent of the energy going into an
incandescent light is converted to light, the ret of the energy is given off as heat. For afluorescent light, twice
as much of the energy is converted to light, but thisis till only 20 percent of the totd energy.

Thismakesit easy to understand why improving the efficiency of the lighting can result in a 20 percent savings
in cooling cogts in an office building.

The formula used to cdculate the heeting load for incandescent lighting looks like this:

Lighting Watts x 0.9 x 3.412 Btuh / Watt = Heat Load on cooling systemin tons
12,000 Btu/Ton

For fluorescent lighting the only eement that changesis the lighting converson efficiency:

Lighting Watts x 0.8 x 3.412 Btuh / Watt = Heat Load on cooling systemin tons
12,000 Btu/Ton

As an example, forty 100-waett incandescent lamps require 12,283 Btu of cooling (dightly over oneton). The
Ste could use 27 four-lamp fluorescent fixtures (or 4400 watts) a the same one ton of cooling load, yet
produce 10 percent more light.

Are lighting efficiency improvements important for other reasons? They may be! While certainly not an answer

to the CFC phaseout question, proper lighting selection may offer alower cost dternative to adding or
replacing chillers. And, there are numerous Stuations where an upgrade in lighting can improve occupant
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comfort and productivity. Coupled with the energy savings, this al adds up to improved profitability.
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Related Efficiency Upgrades - HVAC
Design

Even though the HVAC system design is often well thought out by the origind building designer for an intended
building occupant and use characteristic, something less than design excdllence is often ingtdled. This frustrates
building operators and promotes supplying the coldest chilled water or air necessary to satisfy the area furthest
off the design point. Therefore, it is extremey important that building designs consder thisfact of life and offer
as much occupant control as possible. Thiswill, at leest partidly eiminate the problem of having to supply a
given temperature just because one arealin a zone cannot otherwise be adequately cooled.

Probably one of the best ways to minimize a building's energy use isto correct the air balance after the
occupants are settled in. In practice, very few buildings are re-baanced after the HVAC system isingaled.
This leaves operator no choice but to tinker with air handler dampers and diverters. Thisisfar inferior and
typicaly resultsin a higher operating cod.
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Related Efficiency Upgrades - Energy
Management

While the dick graphics and apparent sophitication of today's energy management systems can lure building
managers into some pretty expensve hardware and software, their effectiveness, and cost effectiveness, rests
on the efficiency of cooling system itsdlf. Therefore, the first step in any chiller energy management program
should be to performance monitor the exigting cooling equipment and re-evauate building cooling loads.
Cooaling tower operationd performance should be monitored (including total power use of the chiller plusthe
cooling tower). The god should be to gather enough information to help operators determine the optima chiller
operationa configuration. Whenever possible, include amanua method (typicaly via the computer console) of
setting supply chilled water and/or air temperatures. If thisisn't done, nine times out of ten an operator will run
more chillers than necessary.

The primary purpose of any energy management system is to provide a predictive measure of how the overdl
system should be operated to maximize comfort while minimizing cogts. Operators should be trained and
rewarded for their understanding of these issues and conscientiousness in getting the most out of the
equipment. Otherwise, they will make the easiest choices in responding to occupant hot calls and cold cdlls,
essentially wadting energy instead of solving air handler problems and operating chillers correctly.

After the rdigbility of the energy management system is established, building owners or managers should
consder automating the chilled water reset and the cooling tower controls.
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Energy Prices

@ Electric Rate Schedules

@ Fud Rate Schedules
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Electric Rate Schedules

Electric power useis metered in two ways. on maximum kilowett use during agiven time period (i.e,, kW
demand) and on total cumulative use in kilowatt hours (kWh). A customer's eectric rateis set usng a complex
process of tracking cost of services and seeking regulatory gpprova. The genera theory is that demand
charges reflect the utilities fixed costs of providing agiven leve of power, and energy charges reflect the
variable portion of those costs. HVAC designers must have a good understanding of the dectric rate design in
the areain which the building will operate before they can make prudent decisons.

Power companies often use ameter that records the power use during elther a 15 or 30 minute time window.
The average power used during that window is used to calculate the kW demand. The pesk demand used for
billing purposes in any month can be:

1. Dependent on the time of day (i.e., on-peak and off-peak time periods) and/or the day of the week (e.g.,
Monday through Friday): The metering system tracks the highest usage anytime during the month under the
appropriate time windows. These pricing schedules are generally referred to as Time of Use (TOU) rates.

2. The demand rate can be Seasondly Differentiated: For example, the demand charge might be higher during
the summer than during the winter, or visaversa

3. The demand rate can be arranged in Declining Blocks: This is where the demand charge up to agiven leve
isat one price with the price declining above that level. For example, the demand charge might be $10 per kW
up to 10,000 kW demand, and drop to $6 per kW for demands in excess of 10,000 kW.

4. The demand rate can be set in Interruptible Blocks: The demand charge depends upon whether the
customer can reduce eectricd demand to agiven leve if it is natified in advance by the utility. The price
reduction often varies with the time of notice (i.e., the discount is higher if shorter notice is given). Some utilities
aso offer direct load contral for air conditioning and water hegting equipment, the utility itself can cycle this
equipment on and off for brief periods.

5. Demand charge Ratchet: Certain rate designs incorporate minimum billing demands based upon historica
peak demands. For example, if the peak demand last summer was 500 kW and the rate design has a 50%
ratchet, the minimum billing demand would be 250kW for the following months, regardless of whether the
actua demands were lower.

The meter recording KWh power use during ether a 15 or 30 minute time window a <o talies total kWh use.
Thismeter isread a roughly monthly intervals and total power useis billed according to applicable pricing
schedules. The type of energy charge pricing in common use includes:

1. Time of day (i.e., on-peak and off-peak time periods) and/or the day of the week (e.g., Monday through
Friday): These pricing schedules are generdly referred to as Time of Use (TOU) rates.

2. Seasondly Differentiated: For example, the energy charge might be higher during the summer than during the
winter, or visaversa
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3. Declining Blocks: Thisistypicaly where the energy charge to agiven level isat one price and that price
declines above that level. For example the energy charge might be $0.05 per kWh for the first 100,000 kWhrs
used in amonth and drop to $0.04 per kwWh for the next 1000,000 kWhrs.

Electric rate schedules can be confusing and, therefore, subject to misinterpretation. Always check with your
local utility company representative for assstance in this area.
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Fuel Rate Schedules

Liquid and gaseous fuels are generaly sold on avolume basis (e.g., ¥cubic foot, or $/gd) or, with naturd gas,
on a hest content basis (e.g. $therm). Solid fuels are usudly on adollar per weight basis. Liquid and gaseous
fuds usudly have some leve of seasond price variation with prices higher during the pesk heeting season. The
find price a the "burner tip" for liquid and gaseous fuels is compaosed of at least three mgor components:
wellhead, transportation, and the loca distribution company (LDC).

In addition, some natura gas digtribution companies have fud use demand meters where peak hourly gas use
establishes a monthly demand charge Smilar to eectric rate schedules. The most common rate designs are
declining blocks and seasondly differentiated pricing as discussed before. Since most fuel suppliers are
concerned about being able to meet the peak winter requirements, they are often willing to reduce price for
those who they can interrupt. The most common situation is where natura gas suppliers offer a discount to
those who can switch to fud oil during this peak period. There are dso Stuations where the price for natura
gasdl year long depends upon this dternative fuel. For example, natural gas suppliers might have three
different interruptible gas tariffs, depending upon whether the Ste uses No.2, No.4, or No.6 ail.

Large customers can now generdly purchase natura gas at the wellhead (or even purchase the wellheed),

contract for trangportation, or merely arrange find ddivery from the LDC. This can provide the large customer
lower pricing, but does require significant management time.
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Vapor Compression Systems

Vagpor compression refrigeration is the primary method used to provide mechanica cooling. All vapor
compression systems condg st of four basic components (plus the interconnecting piping): evaporator,
compressor, condenser, and an expansion device. The evaporator and condenser are heat exchangers that
evaporate and condense the refrigerant while absorbing and reecting heat. The compressor takes the
refrigerant vapors from the evaporator and raises the pressure sufficiently for the vapor to condense in the
condenser. The expangon device controls the flow of condensed refrigerant at this higher pressure back into
the evaporator.

Higtorically, the common refrigerants were R-11, R-12, S
R-22, and compounds in the R-500 series. With the CFC ® _/ AT
phaseout, new refrigerants have been developed to CoNDENSER  [—b—
replace R-11 and R-12 in new equipment. These new

refrigerants can also be used to retrofit existing equipment  covesesson Ve e
in many cases. However, these retrofits are not "drop-ins' 2
and should be done by trained technicians.

EVAPORATOR b=t

@ HEAT
Food processors often use ammonia (R-717). While e
potentidly hazardous, ammoniais inexpensve and
environmentaly benign. Experts anticipate wider use of ammonia due to concerns over CFC phase-ouit.
Interestingly, R-22 was devel oped as a safe aternative for cooling systems that would perform best at

ammoniarefrigerant characterigtics.

The manufacturer sdlects the specific refrigerant used in any equipment to best match the cooling system design
and sze. The availability and cost of these refrigerants and the consequences of refrigerant leaks and disposal
have become very serious concerns for today's building owners and the design community. Each of these
Issuesis addressed in other areas of this interactive knowledge program.

Select from these areas of interest . . .

The Evaporator
Evaporator Control
The Condenser
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Vapor Compression Systems - The
Evaporator

The evaporator and condenser are both heat exchangers. Whether they move hest to or from air or water or
refrigerant is merdly ameatter of design. On the design day the evaporator typically cools either:

1. Air returning from the building space (or outsde air) to ~ 55 - 60°F
2. Water from about ~ 54°F as it returns from building air handlersto ~ 44°F.

In both cases the evaporator boils the selected refrigerant to provide this cooling. The pressure a which the
refrigerant boilsis exactly that which satisfies the energy baance of heet-in equals hest-ot.

The refrigerant is circulated through numerous parald paths. Asthe refrigerant flows and evaporates aong
these paths the pressure will drop as well. Thisin turn drops the temperature of the refrigerant as it evaporates.
Consequently, properly designed direct expansion coils operate with the coldest refrigerant temperatures
closest to the cail exit. However, the refrigerant temperature coming out of this coil is usudly alittle warmer
than this to provide some level of superheet to be sure liquid refrigerant isn't leaving the coil and entering
compressor (where it could cause mechanicd failure in some designs).
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Shell and tube heat exchangers commonly have water circulated through the tubes and refrigerant boiling
around the tubes. There are dso designs where refrigerant flows within the tubes and water flows over the
tubes. Baffles are normally used in this case to direct water flow in a serpentine fashion to optimize heat
transfer. Almost dl large chillers use shell and tube evaporators with water flowing through the tubes.
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Vapor Compression Systems -
Evaporator Control

In comfort cooling applications, actud cooling loads are seldom t full load
conditions. Capacity control is achieved in finned coil evaporators that
directly chill air by splitting the cail into independent sections. The principa
reason isto permit coil sections to be activated and deactivated to better
match coil cooling capacity with compressor loading. The combination of
smaller coil sections controlled by correspondingly Szed expansion vaves
improves valve performance and part load humidity control.

Capacity control in shell and tube eveporatorsis usudly handled using the
return water temperature. For example, if the full-load temperature range for
chilled water is from 44°F to 54°F, water returning at 50°F indicates the
cooling load is about 60%. Liquid refrigerant is metered to the evaporator to
meatch the load using an orifice plate systlem or an expansion vave. On large
chillers, the expandgon vave is pilot operated.
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Vapor Compression Systems -
The Condenser
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The refrigerant is recovered by condensing it in a heat exchanger using air or water to reject the heat. Air
cooled condensers are most common in smaler sizes, up to about 200 ton capacity. Technically, thereisno
upper limit on the Sze of an air cooled condenser, but operating cost issues usudly dictate water cooled units
for applications over about 100 tons.

Propeller
Condenser Coils Fan Housing,
Inside Unit Vertical
Casing / Discharge

Hot Gas
Line
\ : \ Air Intake
Liquid Return Under Unit
Line N &*

Typical Air-Cooled Condenser

There are two water cooled designs: cooling towers and evaporative condensers. Both work on the principal
of cooling by evaporating water into amoving ar stream. The effectiveness of this evaporative cooling process
depends upon the wet bulb temperature of the ar entering the unit, the volume of air flow and the efficiency of
the air/water interface.
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Evaporative condensers use water sprays and air flow to condense refrigerant vapors ingde the tubes. The
condensed refrigerant drains into atank caled aliquid receiver. Refrigerant subcooling can be accomplished
by piping the liquid from the receiver back through the water sump where additional cooling reduces the liquid

temperature even further.

Hot Refrigerant Vapor
3 = Tubesheet

sl Warm Condensear
‘J Water To
H

Cooling Tower

Tubes N e —

Cool Condenser
Water From

J Cooling Tower

Cool Liquid Refrigerant

Cooling towers are essentidly large evaporative coolers where the cooled water is circulated to aremote shell
and tube refrigerant condenser. Notice the cooling water is circulating through the tubes while refrigerant vapor
condenses and gathersin the lower region of the heat exchanger. Notice dso that this area "subcools' the
refrigerant below the temperature of condensation by bringing the coldest cooling tower water into this area of
the condenser. The warmed cooling water is sprayed over afill materid in the tower. Some of it evgporatesin
the moving air stream. The evaporative process cools the remaining water.
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The volume of water used by both evaporative condensers and cooling towers is Sgnificant. Not only does
water evaporate just to reject the heat, but water must be added to avoid the buildup of dissolved solidsin the
basins of the evaporative condensers or cooling towers. If these solids build up to the point thet they foul the
condenser surfaces, the performance of the unit can be greatly reduced.
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Fundamentals - Once-Through Cooling

While once through cooling was once very common, only the smallest of cooling sysems now useit. In these
designs, groundwater or city water is brought into the condenser (say at 60°F), hested to about 95°F and then
usudly disposed of. But, look a how much water is being used! One ton of cooling would use over 41gdlons
of water an hour! Thisiswhy most areas of the country banned once-through cooling years ago for anything
other than the smalest gpplications. However, there are certain Stuations where it could be aexcellent way to

preheat boiler feedwater or process water.
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Chilled Water Temperature & Flow

Mogt large buildings use air handlers with chilled water coils. Higoricdly, chilled water has been, supplied to
these ar handlers at ~ 44°F on the warmest days of the summer and would return to the chiller a about ~ 54
(i.e, 10°F warmer). Every ton of cooling delivered this way requires 2.4 gpm of water flow. Design
professionds today have amultitude of dternaives available to them, including:

1. Increasing the difference between supply and return chilled water temperatures (caled the chilled water
range) to reduce chilled water pipe Szes and pumping power.

2. Increasing the coil surface areato permit higher chilled water supply temperatures,

3. And using lower temperature chilled water, perhapsin the 36 - 38°F range, to produce much colder supply
ar, thereby reducing air handler air flows, fan power, and duct sizing (which can even reduce building height).

These factors can impact energy use in complex ways. For example, distributing low temperature chilled water
is often combined with increasing the chilled water range (e.g., supplying 38°F water and returning 58°F
water). The chilled water flow is now only 1.2 gpm per ton, providing sgnificant savingsin chilled weter
distribution piping and pumps. However, producing 38°F water potentialy requires more power and more
expengve chiller designs. But, then again, maybe not. Certain building designs (such as churches, theaters, and
operating room suites) can be "naturas’ for ice storage. Smilarly, chilled water at 40 - 42°F can sometimes
achieve smilar bendfits.

All of these tradeoffs are complex and obvioudy fal within the domain of the design professiond. Each design
requires careful analyss, congderation of current and future building use, operating personne qudifications,
and the issues of initid investment and operating cogt. Thisinformation is Smply an explanation of some of the
options available. Please refer to the specific cooling Stuation andyses e sewhere in this information system for
further information.
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Cooling Capacity

Cooling systems are defined by:
1. The temperatures they can "hold" either in the space and/or the process or equipment, and
2. Theamount of heet they can remove a full capacity.

This heat removal is normaly expressed in tons of cooling (or refrigeration) capacity. One ton of cooling equas
precisely 12,000 Btu heat remova per hour (abbreviated Btuh) and comes from the way air handlers were
originaly rated -- that is, how many pounds of ice would have to be loaded into them to provide the required
space cooling. When melting, ice gives up 144 Btu per pound. Therefore, one ton of cooling provides the same
amount of cooling energy as melting one ton of icein 24 hours.

For any given piece of ingtaled equipment, this rated capacity is dependent upon the method used by the
system to regject heat. For example, a cooling system rejecting heet to adry fan-coil condenser will normally
produce fewer tons of cooling on the design day than that same chiller mechanica system rejecting heet to a
cooling tower. Put another way, any cooling system uses more power (or thermd input in the case of
absorption chillers) to regject heat to adry (air cooled) condensing system than to awet (water cooled)
condensing system.

This energy performance is defined by severd measures. Coefficient of Performance (COP), kW/ton, Energy
Efficency Ratio (EER), and amilar teemsfor thermdly activated sysems.
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ASHRAE and ARI Guidelines

@ ASHRAE Equipment Teging Standards

@ ASHRAE Ventilation Standards and Indoor Air Quality

@ ASHRAE Ventilation Guiddines

@ AR

@ ARI Cetification
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ASHRAE Equipment Testing

Standards

ASHRAE, the American Society of Heeting, Refrigerating and Air-conditioning Engineers, isaworld wide
technical and professond association, whose members are interested in the advancement of technology that
will benefit the public. As part of its misson, ASHRAE establishes standards and procedures that advances
engineering science. ASHRAE standards address safety, ventilation and indoor air qudity, energy
conservation, testing-for-capacity-ratings. Of course these standards are updated periodically. The capacity
testing standards are used by equipment manufacturers to provide a comparable basis for publishing ratings.

The following ASHRAE Standards describe methods of testing-for-capacity-rating for various kinds of

equipment.

Standard No.
20-1970
22-1992
23-1993
24-1989*
30-1995
33-1978
37-1988*
40-1986(RA92)*
64-1995*
79-1984(RA91)*

Methods of Testing for Rating
Remote Mechanica-Draft Air-cooled Refrigerant Condensers

Water-cooled Refrigerant Condensers

Pogtive Displacement Refrigerant Compressors and Condensing Units
Liquid Coolers

Liquid Chilling Packages

Forced Circulaion Air Cooling and Heeting Coils

Unitary Air-conditioning and Heaet Pump Equipment

Hest Operated Unitary Air-conditioning Equipment for Cooling
Remote Mechanical-Draft Evaporative Refrigerant Condensers

Room Fan-Caoil Air Conditioners

* Approved by American National Standards Institute (ANSI)
*RA - Reaffirmed standard followed by year of reaffirmation.
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ASHRAE Ventilation Standards and
Indoor Air Quality

Thefollowing ASHRAE Standards relate to ventilation and indoor air qudlity:
Std. No. Title
55-1992* Thermd Environmenta Conditions for Human Occupancy
62-1989* Ventilation for Acceptable Indoor Air Quality

111-1988* Practices for Measuring, Testing, Adjusting and Balancing a Building's Hegting, Ventilation,
Air-conditioning and Refrigeration Systems

Guiddine 3-1996 Reducing Emission of Fully Haogenated CFC Refrigerants in Refrigeration and
Air-conditioning Equipment and systems

The following ASHRAE Standards address safety.
Std. No. Title
15-1994* Safety Code for Mechanicd Refrigeration
34-1992* Numbers Designation and Safety Classfication of Refrigerants
The following ASHRAE Standards relate to energy conservation in buildings.
Std. No. Title
90.1-1989 Energy Efficient Design of New Buildings (Except Low-Rise Resdentid Buildings)
100-1995 Energy Consarvation in Existing Buildings
ASHRAE Standard 62-1989 and Standard 90.1-1989 are currently under review for revision.

* Approved by American National Standards Ingtitute (ANS])
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ASHRAE Ventilation Guidelines

ASHRAE Standards specify that outsde air for ventilation purposes should be introduced at the lowest volume
necessary to maintain adequate indoor ar quality.

Ventilation is defined as the process of supplying or removing air by naturd or mechanica meansto or from
any space. Thisar may or may not have been heated or cooled. Ventilation is necessary to remove or dilute
CQO2, odors, and other contaminants from occupied or production process spaces.

Air contaminants are defined as gasses, such as CO, CO2, volatile organic compounds (V OCs), particul ates,
and other substances that affect indoor air qudity (IAQ).

Dilution of indoor air is defined as a process that adds outdoor air (which is assumed to be less contaminated)
to reduce the concentration of contaminants. This dilution can range from the use of "100% outdoor air" to a
combination of outdoor and recirculated indoor air that has been filtered.

The ventilation rate is defined as the number of complete air changes for a given unit of time. Ventilation rate is
aso referred to as the cubic feet per minute (cfm) of outdoor air that is required for meeting minimum IAQ
requirements.

ASHRAE Standard 62-1989, Ventilation for Acceptable Indoor Air Qudity, specifies the outdoor air
ventilation requirements a a minimum of 15 cfm per person in non-smoking aress, regardless of occupant
usage, and aminimum of 60 cfm per person for smoking areas. Also the concentration of CO2 should not
exceed 1,000 parts per million in conditioned spaces.

Appendix E of ASHRAE Standard 62-1989 contains a procedure for using cleaned recirculated air.
Mechanica codes have dso changed to alow increased recirculation rates based on the effectiveness of the air

filtering equipment.

ASHRAE Standard 62-1989 is currently under review for revision. The proposed revison contains significant
charges.
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ARI

ARI, the Air-conditioning & Refrigeration Indtitute is an organization of equipment and component
manufacturers. As a part of itsmisson, ARI establishes performance rating sandards and sponsors and
administers certification programs for selected popular classes of HVAC equipment. Users and owners are
encouraged to have their design engineers specify only certified equipment.
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ARI Certification

ARI Certification programs help ensure HVAC products perform as rated. In order for a piece of equipment
to be certified, its rating and performance must meet or exceed the gpplicable ARl Standard for Rating.
Further, testing must occur within the specified range of sandard rating conditions. The Unitary equipment
listed represents more than 90 percent of the totd U.S. output of equipment faling within the program scope
and rated below 135,000 Btuh cooling capecity.

To comply with the program, tolerances typicaly must fall within plus or minus 5 percent. For example, any
production unit, when tested, must have capacities, air-flows, energy efficiency ratios and coefficients of
performance not less than 95 percent of its rated values.

Participating manufacturers must file certification data with ARI on dl the modds it manufactures within the
scope of the programs. Thisinformation is evaluated by ARI before modds are listed. Additiona testing is
required on any models with questionable data. In addition to evauation of data ARI conducts standard
performance tests and, in some programs, random testing.

The manufacturer of amodd which failsto pass specified tests faces two dternatives: re-rate the modd in
question to reflect its tested performance, or withdraw the model from the product line. Failing this, the
manufacturer's right to use the ARI certification symbol on dl moddsis withdrawn, and its name and ligtings
are deleted from the directory.

ARI publishes five Directories of Certified Products. Individuas or companiesin or dlied with the Heeting,
Refrigeration or Air-conditioning industries may obtain free directories smply by writing to ARI. Others may
obtain adirectory for amodest fee, currently $6 per copy.

1. Directory of Certified Unitary Equipment includes.

= Unitary air-conditioners
= Unitary air-source heat pumps
¢ Sound-rated outdoor unitary equipment

2. Directory of Certified Applied Air-Conditioning Products includes:

Air-cooling and air-hesting coils

Centra dation air-handling units

Room fan-coil ar-conditioners

Ground water source heat pumps
Packaged terminal air-conditioners
Packaged termina hesat pumps
Water-source heat pumps

Vaigblear volume terminas

Ground source closed-loop heat pumps
Unitary large equipment
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¢ Centrifuga and rotary screw water chilling packages
3. Directory of Certified Drinking Water Coolers
4. Directory of Certified Automatic Commercia |ce-Cube Machines and | ce-storage Bins

5. Directory of Certified Transport Refrigeration Units
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SyStem ECOnomiCS Most people make a purchase to solve ared or

perceived problem. They use economic evaluaionsto judtify their decison. With chillers, problems can range
from inadequate capacity, chiller falure or high energy bills to the fear of CFC issues. In this section we will
address the economics of chiller dternatives. A number of factors influence the costs of owning and operating
large water chillers. Theseindlude:

1. Ingdled firgt cogt, including any building modifications to accommodate one particular aternative over
others.

2. Operating codsts, including al the fud, dectric, and water cogts (including the acquisition, trestment, and
disposal of sewered water) to accommodate one dternative over others.

3. Maintenance cogts, including preventive maintenance and the monitoring of refrigerants to minimize
losses. Materias and supplies are dso included here.

4. Insurance and Property Taxes.
5. Replacement Provisons, which takes into account the useful lives of the aternatives.

6. Financing, depreciation, and income taxes should aso be consdered. The money invested has atime
vaue (interest) and there are usually tax consequences that affect decisons. It's usudly agood ideato
consult atax accountant.

7. Method of evauation which reflects individual owner's needs, the process of evauating incrementad first
costs, dong with the cogts of owning and operating the various dternatives. These methods range from
asmple payback caculation to much more sophigticated life cycle cost (or its equivaent net present
vaue) andyss, or internd rate of return computations.

Each of these factors may vary according to the individua project. Typicaly, economic andyses are best
performed using a computer model or program specificaly designed for this purpose. There are severd
available from the Electric Power Research Ingtitute (such as COMTECH and MicroAxcess). Others are
avallable from vendors (Trane) or APOGEE Interactive, Inc. Most programs are building oriented in that they
estimate the hour-by-hour cooling loads for the building. Others compare severd types of smilarly szed chiller
using an esimated annud load profile.

Select from these areas of interest . . .

Critica Parameters Indalled Cods
Chiller Effidency Owning Costs
Running Hours Evduating Alternatives
Equivdent Full Load Hours Integrated Part Load Vaue (IPLV)
Operating Hours and EFLH Operating and Maintenance Costs
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System Economics - Critical
Parameters

Criticd parametersfor fair comparisons cdl for anumber of input assumptions. Some of the data may be
reedily available, some not so available. As many of the following factors as possible should be considered in
conducting a proper evauation:

1. Electric, seam and fue rate schedules, including demand and energy charges segregated by applicable
seasond or time-of -use criteria and appropriate fud adjustment charges.

2. Chiller type, sze and full load efficiency: for dectric chillers consder the kW per ton; for naturd gas fuded
check the Btu per ton-hour, or the steam pressure at the unit for steam chillers.

3. Congder the Size cooling tower required to reject the building's heet plus the work added to do the cooling
that ends up in the chiller's condenser.

4. The chiller unit eectric auxiliaries. for dectric chillersthese are included in the KW per ton; for non-electric
chillersthis kW per ton should include dl the solution, refrigerant, jacket water, lube oil or other pumps (as
gpplicable) and the control power.

5. The chiller system dectric auxiliaries in KW per ton These include the condenser water pumps and the
cooling tower fans plus any added fans or other power use's gpplicable to one type chiller but not another.

6. The cogts (per 1,000 galons) to acquire makeup water for the cooling tower, to chemicaly or otherwise
tregt this water, and to digpose of the tower overflow and the blowdown needed to maintain an acceptable
concentration of dissolved solids.

7. The projected annud operating hours of the chiller and the load profile it is designed to serve. For detailed
andyses, the chiller's operating schedule including the utility's seasond and on-pesk time definitions must be
taken into account. For less detail anayses, the concept of Equivaent Full Load Hours and Integrated Part
Load Vaue can be used.

Severd of these key parameters may require further definition. The issues of chiller efficiency, EFLH, IPLV,
and APLV are addressed here.

Top of Coadling|Index | EAQs| Contact Us

lofl 7/13/2000 10:42 PM



System Economics - Chiller Efficiency http://www.csw.com/apogee/cool html/cfsc.htm

1lof 2

CSWCorporation

System Economics - Chiller Efficiency

Chiller operating efficiency isthe mgor component in the annua energy cost. In the past energy was chegp and
plentiful, and efficiency recaived little attention. Older chillers can be quite inefficient. In fact, some chiller
replacements will payback quite quickly just due to significantly reduced operating cost a the higher efficiency
of the new unit. For analyss purposes, chillers are typicaly compared on the basis of their ARl Standard
Rating - Water cooled, usng 44°F leaving chilled water and 85°F inlet condenser water.

All chillersrequire eectric power to operate their auxiliaries (solution, refrigerant, and lube pumps, controls,
and s0 on). These energy costs must be included in the economic comparison, as well as the cost of water
required for the cooling tower. The chilled water pump consumption of dectricity iscommon to dl chillers, so
this power input can be either included or omitted Since it dmost never affects the outcome of the andyss.
Typical Chiller Energy Operating Costs

Electric Chiller kW/ton-hr

Chiller New Chiller Exiging
Reciprocating .71810 .85 .90-1.2 or higher
Screw .6210.75 .75-.85 or higher
Centrifugd High 50t0 .62 NA
Moderate .6310.70 .70-.80 or higher

Thetypical BTU per ton heat rejection for electric chillersis calculated:
= (kW/ton-hr x 3,413 Btuh/kW x 0.92) + 12,000 Btuh/ton
where the 0.92 factor makes an 8% allowance for the |osses to ambient.

Heat-Driven Chiller:

Steam input HHV input Heat reection
@ Nom. psig Btu/ton-hr Btu/ton-hr Temp.Diff.
Absorption

1 stage steam 18 pph 22,000 29,000 15°F
2 stage steam 10 pph 12,200 22,300 10°F
Exhaust Gas Fired (EG) Varieswith EG temp.* 22,900 10°F
Direct Fired NA 12,000 22,900 10°F

Natural Gas Engine Driven Compr essor
Reciprocating NA 9,300 16,900 10°F
Rotary Screw NA 8,600 16,500 10°F
Centrifugd NA 7,760 16,300 10°F

*Tons Cooling = pph EG flow x (EG temp. - 375) / 40,950
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The heat rejection values shown represent the approximate amount of heat that must be rejected to the atmosphere by the
cooling tower. This value includes the 12,000 Btu per ton hour of cooling plus the Btu per ton-hour of energy input to the

chiller, less an allowance for motor, drive, and radiation losses.

Codling Tower Fans & Pumps

Cooling Tower Fans Condenser Water Pump”
Water-cooled Chiller kW/ton kW/ton
Reciprocating .083 .057
Centrifugd .079 .048
Absorption 1-stage steam 138 110
Absorption 2-stage (al models) 113 .096
Naturd Gas Engine .087 .054

*These figures are based on efficiencies of 0.70 pump and 0.90 motor.

Condenser fan power istypically included in chiller rated input KW in packaged air-cooled units. If datais not available,
estimate it at 0.128 kW/ton.

Typical Chiller System Makeup Water Operating Cost Parameters

Chiller Type Gallons per ton
Electric Chillers 4.0
Absorption 1-stage 8.0
" 2-dage 6.2
Natura gas-driven 4.3

Thetypical cost to acquire and chemically treat incoming water and to dispose of tower bleed-off (blowdown) is $4.00 per
1,000 gallons.

Typical Chiller Unit Auxiliaries

Electric Chillers - unit auxiliary energy included in chiller package rated kWi/ton

Heat-activated Chillers - in absence of manufacturer's catal og data, use these approximations:

Added kW/ton

Nat. Gas-Engine Driven Recip. Compr. Screw Compr. Centrifuga Compr.
0.040 0.033 0.014
Absorption 1-Stage Steam 2-Stage Steam Direct-Fired
0.014 0.021 0.024
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System Economics - Running Hours

The term Running Hours refers to the number of hours ayear the chiller operates to meet the indoor design
conditions. This usudly refersto the number of hours cooling is required over the course of ayear while the
building is occupied or the enterprise is otherwise in use. The chiller auxiliaries plus the condenser water pump
and tower fan will normaly operate this number of hours. These hours vary by building type and geographicd
location. For example, an office building might have running hours thet look like this

L ocation Total running time - hr/year
Miami 3450
Atlanta 2700
Newark 2300
Chicago 2000

A hospita, operating 24hrs. per day, would probably have over twice these hours.

Top of Coadling|Index | EAQs| Contact Us

lofl 7/13/2000 10:43 PM



System Economics - Equivalent Full Load Hours http://www.csw.com/apogee/cool html/cfsf.htm

1lof 2

CSWCorporation

System Economics - Equivalent Full
Load Hours

Equivaent Full Load Hours (EFLH): Even though achiller is selected to supply the design load (100% or full
load), it does not operate at full load for very many hours out of the year. For example many chillers operate
for three quarters of each cooling season at 60% or less of design capacity. A chiller's part load efficiency has
aggnificant effect on operating cods.

EFLH is defined as the annud ton-hours of cooling actualy supplied divided by the supplying chiller's design
cgpacity in tons. Using EFLH for andyss purposes is vaid where the chiller plant has published continuous,
performance vaues for energy input at al operating levels of output. Normally most centrifugal, screw, and
absorption chillersfit this operating profile. However, reciprocating compressor chillers do not have this
continuous performance characterigtic, due to their step capacity operation and lower efficiency at part load.
Therefore, their EFLH must be caculated using a more detailed procedure.

Theload caculations for most buildings are performed using a persond computer. These cdculations normaly
establish the running hours per year and enable the designer to estimate a building load profile. A sample
annud load profile might look like this

Annual L oad Profile Percent running Hrs
Percent load
90% to 100% 204
81% to 90% 3
71% to 80% 5
61% to 70% 15
51% to 60% 30
41% to 50% 20
31% to 40% 15
21% to 30% 5
11% to 20% 2
0to 10% 100%

The expected EFLH can be projected using a buildings estimated load profile and total annua running hours.
For example, using this load profile and an assumed 2,300 running hours, the EFLH can be caculated to be
1,277. If this chiller had a design capacity of 500 tons, it would ddliver an estimated 638,500 ton-hrs of
cooling (500 tons x 1,277 Equivaent Full Load Hours). PC-based energy andysistools, including EPRI's
COMTECH and APOGEE's chiller screening program, can perform this type of andysis very handily.
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System Economics - Operating Hours
and EFLH

Chillers do not normally operate every hour of the year, and may not aways operate when the building is
occupied. There are days when outside air alone can supply the necessary cooling, and most chillers will
require some periodic maintenance during the year even when the chiller could be running (where cooling
would be supplied by other equipment during this period). For example, office buildings in the northern
climates might cal for a chiller to operate 1,000 hours ayear while chillersin buildings aong the Gulf Coast
probably operate more than haf the time the building is open.

In very humid aress, chillers may have to operate even when the building is unoccupied just to maintain
humidity levels. On the other hand, hospita operating rooms often require chiller operation every month of the
year (dthough not necessarily every day).

Obvioudy then, achiller does not dways operate at full load. If the chiller were to meet the annua cooling load
by operating only at full load and then cycling off, it would end up operating fewer annuad hours. Thee are
defined as Effective Full Load Hours (EFLH) and typicaly make up about haf of the annua operating hours.
Therefore, abuilding that might operate a chiller for 2000 hours in colder climates for generd space
conditioning should typicaly expect about 1000 EFLH for that chiller.
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System Economics - Installed Costs

Installed costs and capita offsets are important economic parameters. The ingtaled cost of dectric chillersis
sgnificantly lower than comparable heat-driven chillers. Hegt-driven Chillers require larger cooling water
pumps and towers. Engine driven chillers have a prime mover that costs much more than a comparable eectric
motor (and has much higher maintenance costs as well). Absorption chillers are much more costly than
comparable sized dectric chillers.

While the factory price of achiller unit may be easy to obtain, amore meaningful economic comparison is
based on the estimated totd ingtaled cost. This figure should include the chiller plus associated cooling tower
and condenser water pumps and piping or air-cooled condenser, plus ddivery of the equipment to the job site,
and ingdlation with interconnecting tower/chiller/pump piping and contrals, including the contractor's overheed
and profit.

Where any one cost segment is congtant for dl dternatives (such as chilled water distribution pumps and
piping), this cost can be omitted since it will not affect the outcome comparison. In some cases, the
comparison is amplified if incremental cogts are used; that is, one chiller is considered the base and the other
dternatives are assessed at how much more or lessthey cost. For example if one chiller requires 100 more
KW service than ancother, than the incrementa service cogt is estimated at $45/kW. That chiller'sincrementd
cost would be $4,500 more than the base unit's cost.

In the absence of current, project specific, ingtalled cost figures, information in the Compare Section can be
used to estimate costs.

Select from these areas of interest . . .

Compare - Installed Costs - Chillers
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Compare - Installed Costs - Chillers

Installed costs and capita offsets are important economic parameters. The ingtaled cost of dectric chillersis
sgnificantly lower than comparable heat-driven chillers. Hegt-driven Chillers require larger cooling water
pumps and towers. Engine driven chillers have a prime mover that costs much more than a comparable eectric
motor (and has much higher maintenance costs as well). Absorption chillers are much more costly than
comparable sized dectric chillers.

While the factory price of achiller unit may be easy to obtain, amore meaningful economic comparison is
based on the estimated totd ingtaled cost. This figure should include the chiller plus associated cooling tower
and condenser water pumps and piping or air-cooled condenser, plus ddivery of the equipment to the job site,
and ingdlation with interconnecting tower/chiller/pump piping and contrals, including the contractor's overheed
and profit.

Where any one cost segment is congtant for dl dternatives (such as chilled water distribution pumps and
piping), this cost can be omitted since it will not affect the outcome comparison. In some cases, the
comparison is amplified if incremental cogts are used; that is, one chiller is considered the base and the other
dternatives are assessed at how much more or lessthey cost. For example if one chiller requires 100 more
KW service than ancother, than the incrementa service cogt is estimated at $45/kW. That chiller'sincrementd
cost would be $4,500 more than the base unit's cost.

In the absence of current, project specific, instaled cost figures, these charts and tables can be used to
estimate and compare costs.

The cogts shown are typicd of large water chiller ingaled costs including cooling tower with pump piping and
ingtalation or air-cooled condenser. They are a nomina tons capacity and HCFC-123 or HFC-134a
compatible.

= Electric Reciprocating Chillers - Air - and Water-Cooled

» Electric Centrifuga/Screw Chillers - Water-Cooled
* Absorption & Engine Drive Chillers - Water-Cooled
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labor rates. For units larger than 1,000 tons, the ingtalled cost per ton declines only dightly on a dollar per ton
basis. Cogts shown are mid-1995 estimates for a single package chiller. On many ingdlations, multiple units of
equa or mixed capacities are used. Again, location, labor rates, rigging, control options, and unit efficiency can
substantidly affect the actud ingtaled cost, which can vary as much as +25%.

Some gas suppliers will subsidize the higher ingtaled cogts of engine-driven and absorption chillers. One way
they do thisisto absorb a percentage of the cost premium. Others will offer incentives, anywhere from $100
to $150 or more per ton, to reduce the installed cost premium. There is no way to be certain how long these

incentives may continue.
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System Economics - Owning Costs

Owning costs are another component in the economic andysis. The cost of financing, the vaue of the money
invested, depreciation, and income taxes should be factored into the equation. Any money invested in a
premium priced chiller system has avaue. Whether that money is borrowed or not, it represents an
"opportunity cost” equivaent to afixed interest rate. Therefore this cost is a proper part of the total cooling
system owning and operating cost.

In the following formula that expresses the vaue of money, the interest rate "'i* is stated as adecima, and the
amortization period ("n" years) determine the uniform annua charge to pay back the initid investment. Thisis
caled the Capital Recovery Factor (CRF):

CR°F = (L+i)nxi
1+i)n-1

Theinitia investment times the CRF represents the annuad "mortgage”’ payment to retire the invesment in "n"
years. For monthly payments, divide "i" by 12 and multiply "n" by 12.

Tables are available that provide these values. More sophisticated hand caculators even feature function keys
to perform this caculation. Smply use the appropriate interest rate. A 20 year term is not uncommon.

Federd and State income taxes are levied on net income. Annual savings of one dternative over another are
consdered taxable income, since these savings increase a firm's net income,

Depreciation alowances are subtracted from the net savings and may "shelter” the owner from certain income
tax consequences. A tax accountant can handle the computations for this segment of the economic anaysis.

Insurance and property taxes are assessed as equipment ingtalations increase the tax base of the property. The
chiller system should aso be covered by fire and liability insurance, which add to the policy's annua premium.
In the absence of other information, an annual premium of 1 to 2% of the first cost cover these annua codts.

Replacement provisions should be considered where gpplicable. The service lifeis the median time during
which aparticular chiller system or component remainsin service beforeit is replaced. The service life may or
may not be the same as the depreciation or economic eva uation periods.

In the 1995 ASHRAE Applications Handbook Chapter 33 - "Owning and Operating Costs' - Table 3
indicates the service life doesn't vary much for mogt chillers. To omit this refinement would not significantly
affect your evauation.

The mgor components of a chiller that are likely to need replacement the end of the service lifeinclude:

* The condenser, which islikely to need retubing,
* The absorption chiller absorber, which islikely to need retubing,
* The natura gas engine which typicdly requires amgor overhaul at between 8,000 to 24,000 operating
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System Economics - Evaluating
Alternatives

Procedures for evauating dternatives vary widdy, ranging from smple payback to complicated
computer-generated life cycles. There are numerous computer-generated programs, including EPRI's
COMTECH screening tool, that can estimate "life-cycle cogts' by running the analysis for a 15 to 20-year time
period and include varying inflationary effects on fud, power and O&M costs, taxes, depreciation, and
savage.

Use the more complex techniques cautioudy. Future costs of fuels and eectricity are very difficult to project,
and these estimates have often proved wrong in the past. Remember when the "experts’ were forecasting
$100 abarrd ail in the 1980s? Be wary of any cash flow andysis indicating thet the benefits only ook good in
the future - it Smply may not happen!
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System Economics - Integrated Part
Load Value (IPLV)

Large chillers, whether they're eectric or heat activated, usualy perform the best when they are operating
between 30% and 90% of their full load design. When these energy per ton figures are linked to the typica
hourly load profile, the chiller's annua power consumption becomes more meaningful. This effect is called
"Integrated Part Load VVaue'. IPLV wasintroduced in the 1990 revision of ARI Standard 550, which governs
the rating and testing of centrifuga and screw water chillers.

For an eectric chiller, the integrated part load vaue in KW/ton on aweighted basis might be only 90.6% of the
full-load vaue of 0.70 kW/ton. In practice with a properly operated centrifugal or screw compressor chiller
this weighted power input will range from 85% to 91% of the full-load kW/ton. A similar factor appliesto an
absorption chiller'sfull load Btu per ton hour fud energy input.
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System Economics - Operating and
Maintenance Costs

Operating and maintenance costs include the day-to-day costs keeping the equipment running. It iswiseto
keep these estimates on the conservative Sde since the economic anaysis will contribute to a prudent financia
judgment. Thisis not the place for optimism. Operating costs depend largely on the relative electric and gas
rates. It isvitd that the demand charges and energy costs of each dternative be calculated separately and
consider any seasond or time-of-use provisons. Never use "average rates.”

Building codes or other considerations may dictate the need for operating personnd. If thisisthe case,
personnel costs must be included. And don't forget to add the energy and water prices to the energy
consumption rate of each chiller dternative on a"leve playing fidd" bass. Mantenance costs for screw and
centrifugd chillers are typically lower than for aosorption chillers, since absorbers require more frequent
replacement of mechanica components, tube stresses are higher, and there are Smply more tubes to replace.
Codts for engine-driven chillers are even higher since they require engine maintenance in addition to the same
maintenance codts as an dectric chiller.

Natural Gas Engine-Driven Chiller Maintenance I ssues

With naturd gas engine-driven chillers, engine maintenance is a costly item. The engine vibrations affect tube
bundles and compressor shaft sed's. Higher speed (3,600 rpm) engines are less reliable than lower speed
(1,200 rpm) engines. All spark-ignited natura gas engines used on chillers require periodic service, (including
spark plug and lubrication oil changes) every 500 to 750 hours of service. The technicians that would normaly
sarvice the chiller may not be qudified to service the engine. Multiple vendor respongibilities between the
engine, controls, and chiller suppliers tends to complicate maintenance. In addition, environmentd legidation is
likely to mandate emission controls which current engines may not be able to mest.

Engine maintenance is directly proportiond to the operating (running) hours per year. Depending on the engine,
amgor overhaul or engine replacement will be needed after a certain number of hours. This typicaly ranges
from 8,000 hours on the relatively high-speed 3,600 rpm automotive-type engines to 24,000 hours on 1,200
rpm industrial-grade engines. The engine maintenance cost should be added to the maintenance costs of alike
cgpacity dectric chiller and include complete engine-only service plus a sinking fund for overhaul and engine
replacement.

Natura gas engine maintenance cogts typicaly range from $0.006 to $0.020 per ton; the average is $0.012
per ton per operating hour. Add the engine maintenance cost ($ per ton per operating hour x chiller capacity x
operating hours per year) to the maintenance cogts of asimilarly sized eectric chiller ($ per ton-year x chiller
tons capacity). Thistotd will include the chiller and the full service and replacement cost of the engine.
Preventive Maintenance

With the riaing cogts of energy and refrigerants, plus the added concern about the environment, proper ongoing
and preventive maintenance of chilling equipment makes good sense. In most aress there are competent
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independent- or manufacturer-operated service agencies who can provide this maintenance under contract.
Owners or building managers with alarge inventory of equipment may choose to employ their own personnel.
Indl cases, technicians should be well trained in the equipment serviced and stay up-to-date through periodic
retraining.

For accurate economic comparisons, obtain local service contract quotations on the various aternatives.
Lacking actud quotations, this table provides estimates of the annud dollars per ingdlation for single chiller
ingalations including the cooling tower and condenser water pump. These figures are based on median labor
rates and no sgnificant travel time. These values dso include an dlowance for materias and supplies.

Multiple Units
For multiple units a asingle location, make the calculation asiif the units were sngly ingtaled and multiply the
totd dollar chiller only maintenance cost of dl units (not including gas engine maintenance) by a 0.80 multiplier

for two units a single location, or a0.70 multiplier for three or more units at Sngle location. For engine-driven
chillers, add in the engine-only maintenance cogs.

Select from these areas of interest . . .

System Economics - Operating and Maintenance Codts - Chillers
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Pressure-Enthalpy Path

The refrigeration industry didn't dways have today's modern analysis tools. For many decades, manufacturers
and sarvice technicians relied on tabulated and graphical presentations of refrigerant properties and expected
equipment performance. One of their favorite tools was the pressure-enthapy diagram which definesthe
thermodynamic properties for the refrigerant in use and the performance of equipment.
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This chart shows the pressure expressed in psa (pounds per square inch absolute) dong the vertical axis. The
energy content (enthapy) of one pound of the refrigerant is shown on the horizontal axis on a Btuw/lb basis.

{ The refrigerant shown here hgppens to be R-22, the most common refrigerant used in packaged rooftop and
other smal packaged cooling equipment). Notice there are three distinct regions on this chart and two
"boundary lines" separating them.

The region on the left is subcooled liquid; basicdly refrigerant liquid at a temperature cooler than the equivaent
boiling point for the pressure noted. At the example pressure of 74.7 psia (gpproximately 69 psg), this boiling
point is 40°F.

Theregion ingde the "dome" isaliquid-vapor mixture. If the liquid is a the boiling point, but just hasn't begun
to boail, it is defined as saturated liquid. Adding any heet to thisliquid will vaporize a portion of it. Adding more
heet to the liquid-vapor mixture eventudly evaporates dl of the liquid. At that precise point (G), the vapor is
fully saturated. Adding any more heet to the vapor will cause it to rise in temperature further; thisis referred to
as superheated vapor.

Do not associate the term superheat with being "hot.” Superheated vapors can be cold. They are smply above
their corresponding saturated vapor point. Smilarly, subcooled liquid can be fairly warm. It just means that the
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liquid is cooler than the saturation line for that pressure.

Thetypicd refrigeration cyde is shown superimposed on this chart, dong with pictures of the typica equipment
components associated with that step in the cycle.

Let's start our review at point A. To get this point after leaving the evaporator (G), the refrigerant vapor is
superheated dightly, and crosses the compressor suction valve to point A. The compressor elevates the
refrigerant's pressure to a point at which it can push the discharge vave open and flow to in the condenser. The
refrigerant vapor leaves the compressor at point B, desuperheats to point C, and then begins to condense.
After the vapor is completely condensed at point D, it is subcooled a bit further (E), a which timeis dill a a
much higher pressure than the evaporator.

Controlling the flow to the evaporator and throttling this pressure to that of the evaporator isthe job performed
by the expangon device, athermd expangon (TX) vadvein thisillusration. This pressure reduction step
vgporizes a portion of the liquid which cools (cdled flash gas) the remaining liquid going to point F -- the
"average' mixture of vapor and liquid crossing the vave doesn't change in energy content -- it Smply separates
into liquid and vapor a the reduced temperature and pressure according to its precise thermodynamic
properties. Theliquid at point F isthen ready to pick up heet in the evaporator and form vapor at point G
where the cycle repeats.

Each step in this process follows precise thermodynamic laws.
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System Performance Measures

@ Parformance of Electric Systems

@ Paformance of Fuded Sysems
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Performance of Electric Systems

Since the vast mgority of cooling equipment is driven with eectric motors, the most common performance
measure is kW/ton. This can be calculated for any given chiller by smply taking the manufacturer's estimated
power use and dividing it by the cooling system capacity expressed in tons. For example, if the manufacturer
estimates the peak power required for a 250 ton chiller is 150 kW, the chiller will use 150 kW/250 tons or 0.6
kW/ton on the design day.

But what isincluded in this 150 kW? Is it the chiller done, or the pumps and fansin the remainder of the
system? If this power estimate was for a packaged rooftop unit supplying air to the building, the power
edimate is clearly the total kW/ton. However, in buildings where a centrally located water chiller is used, there
are dso chilled water and condenser water pumps as well as cooling tower fans. Were these included in the
kW/ton performance measure? Not usudly! And, in these cases, they must be added in to get the tota kW
per ton performance.

Desgn professonds usudly evauate chiller performance by comparing kWi/ton for the chiller itsdf plusthe
heet rgection circuit. After dl, for any given building, the chilled water distribution system aternatives would be
identical. The differences between low and high efficiency cooling system dternatives shows up in the kW/ton
for the chiller plus the heat regection circuit. Therefore, use thistotal when comparing the kWiton for chiller
dternatives such as.

1. Air cooled versus water cooled

2. Low vs high efficiency

3. Gasvs. dectric driven (Snce gas equipment aso has eectrica requirements).

Obvioudy, gas equipment aso has fud consumption which should be factored into the comparison.

So far, we have compared equipment on the design day -- the relatively few hottest and/or most humid daysin
your area. These are certainly important in determining the dectricd demand charges. But, in most parts of the
United States, these conditions occur only afew hours ayear. It is true they may occur one or more daysin
each of the warmest months (and thereby set a demand charge for those months), but this still doesn't
represent the most common operating environment.

The HVAC industry recognized this and characterized these more common Stuations using the Integrated Part
Load Vaue (IPLV) which is a defined number of hours at representative chiller operating conditions based on
an ARI gtandard, Actud Part Load Vdue (APLV) is determined by the design community for the specific
building Stuation a hand.

The specific kW/ton performance for each type of eectric (and fue-fired) system is discussed in the specific
segment on that chiller design. Suffice it to say that most large cooling systems become more efficient at part
load conditions, while smal reciprocating compressor systems become less efficient at typicd part load
conditions.
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Select from these areas of interest . . .

Cosfficient of Performance (COP) for Electric Systems
Energy Efficiency Ratio (EER) and Seasond Energy Efficiency Ratio
Hesating Season Performance Factor (HSPF)
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Coefficient of Performance (COP) for
Electric Systems

The term Coefficient of Performance (COP) is smply the ratio of the cooling effect produced expressed in
Btu/hr divided by the energy input expressed on the same basis. For an dectric chiller a 0.6 kWi/ton, thisratio
Is 12,000 Btu for aton of cooling divided by the corresponding 0.6 kW energy input. The units of kW can
best be thought of as kW hours per hour. Each kW is equivaent to 3,413 Btu, therefore 0.6 kW is 2,048 Btu.
Therefore, a 0.6 kW/ton chiller is equivalent to a COP of 12,000 Btu/2,048 Btu, about 5.9 COP. Notice the
term COP is dimensionless.

Thereisashort-cut formulato compute COP directly from any given kW/ton. Smply divide 3.516 by the
chiller's kwW/ton to derive COP. (3.516 comes from dividing 12,000 Btu by 3413 Btu per kWh). For
example, 3.516/0.6 is the same ~ 5.9 COP as before. Be careful when comparing cooling system COPsto be
sure exactly what is being included. A fair comparison includes the full hegt rgjection circuit as well.
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Energy Efficiency Ratio (EER) and
Seasonal Energy Efficiency Ratio
(SEER)

The cooling equipment systems used in residentia and smal commercid buildings often express cooling system
efficiency in terms of the Energy Efficiency Ratio (EER) and/or Seasond Energy Efficiency Retio (SEER).
These are defined by the cooling effect (in Btu -- not tons) divided by the power use (in watts -- not kW) for
the peak day (EER), or the seasond average day (SEER). For example, asmdl cooling unit operating at 1
kW /ton would have an EER of 12,000 Btu divided by 1000 watts -- or 12. Thisis mathematicaly equivaent
to multiplying the COP by 3.413, or visa, versa. Therefore a smdl cooling unit operating a 1 kW (1000 wetts)
per ton is equivaent to a COP of 3.516, or an EER of 12.
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Heating Season Performance Factor
(HSPF)

Heat pump systems that produce cooling during the summer and then switch over to produce heating during
the winter use asmilar performance measure. Here, the Heating Season Performance Factor (HSPF) is
defined by the hesting effect (in Btu) divided by the power use for the seasonally averaged condition. A key
point hereisthat the heeting effect in aheat pump includes the work input snce the system is using the heet
rejection Sde of the cycle to produce useful space conditioning. Thisis not true during the cooling cycle (unless

a heat recovery heat-pump design is being implemented).
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Performance of Fueled Systems

Absorption, desiccant, and engine-driven cooling systems have energy performance measures Smilar to
eectricaly driven equipment. They aso use power in contrals, circulating pumps, and heet rgjection systems
that should be factored into any energy and economic comparisons. Y ou can review dl these performance
characterigtics by investigating the pecific cooling system design dternative(s). The discussion here smply
highlights the definitions for fuded system performance.

Select from these areas of interest . . .

Codfficient of Paformance (COP) with Fuded Systems
Higher Heating Vdue (HHV) and Lower Heating Vdue (LHV)
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Coefficient of Performance (COP) with
Fueled Systems

The term Coefficient of Performance (COP) istheratio of the cooling effect produced expressed in Btu/hr
divided by the energy input expressed on the same terms. And, there is no standard for comparison between
different manufacturers. Therefore, the potential user of thisinformation should not use COP for comparisons.
Most high efficiency, two-stage absorbers achieve a COP of ~1, that is, they use about 12,000 Btu of fuel
energy to produce one ton of cooling. However, the absorber has much higher heet rgjection power use than a
comparable eectric driven machine. And these fuded systems dso use dectric energy for pumps, fans and
controls. At this time, manufacturers generaly do not count the power used in their COP performance data.
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Higher Heating Value (HHV) and
Lower Heating Value (LHV)

Naturd gasis often selected as the fud for these systems since supply disruptions during warmer months are
unlikely. There are two ways to define the energy content of naturd gas in common use -- Higher Hegting
Vaue (HHV) and Lower Heeting Vaue (LHV). The difference can be especidly important when reviewing
the performance of engine-driven systems.

Higher Heating Vadues for afuel include the full energy content as defined by bringing al products of
combustion to 77°F (25° C). Naturd gastypicaly is ddivered by the local gas company with vaues of 1,000 -
1,050 Btu per cubic foot on thisHHV basis. Since the actud vaue may vary from month to month some gas
companies convert to Therms. A therm is precisely 100,000 Btu. These messures dl represent higher hesting
values.

Some engine manufacturers rate their engines using Lower Heating Vaues (LHV) which can be both confusing
and potentidly mideading to the casud user of their product literature. Lower heating vaues neglect the energy
in the water vapor formed by the combustion of hydrogen in the fuel. This water vapor typicaly represents
about 10% of the energy content. Therefore the lower heating values for natural gas are typicaly 900 - 950
Btu per cubic foot.

The error can occur when amanufacturer says their engine uses 900,000 Btwhr but it was expressed on a
LHV bass. The engine would actualy use about 1,000,000 Btu/hr as purchased from a gas supplier.

Therefore, dways check the fuel rating method when naturd gasisthe fue for the system. This potentid
confuson dmost never exigs with liquid fueed systems.
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Condenser Water Temperature &
Flow

Chillerslarger than about 100 tons usudly have water circulating through the condenser. This water removes
the heat from the chiller (the contribution due to the cooling as well as removing the heet from the motor, engine
or absorber). Therefore a high efficiency dectric chiller rated a 0.6 kW per ton rejects gpproximately 14,000
Btuh/ton of cooling. A high efficiency absorption chiller with a COP of 1.0 regects about 24,000 Btuhv/ton of
cooling.

The circulating cooling tower water flow is determined primarily by the range in temperature. For example,
with a high efficiency dectric chiller, a 10°F range (e.g., supplying 85°F water to the chiller condenser and
heating that water to 95°F), requires a condenser water flow of about 2.8 gpm per ton. With the same 10°F
range, it would have to be about 4.8 gpm per ton for the high efficiency absorption chiller. This flow can be
reduced by widening the range, but that would decrease the efficiency of the chiller itsdlf.

The temperature of the water sent to the chiller condenser from the cooling tower is determined, largely by the
ambient wet bulb temperature and the efficiency of the cooling tower (the amount of air drawn through the
tower and the efficiency of air-water contact). Dry bulb temperature has only a minima impact on cooling
tower performance. The cooling tower is normaly specified to meet the design wet bulb temperature in any
geographic area-- commonly 75° to 78°F. The cooling tower manufacturer then designs the tower to produce
85°F water under this condition for the design hest regjection level and water flow. The temperature difference
between the water sent to the condenser (i.e. coming off the cooling tower) and this wet bulb figure (say 78°F)
is defined as the approach temperature 7°F (= 85 - 78).

This design day wet bulb condition occurs relatively few hours ayear in most parts of the United States.
During dryer times, the cooling tower can produce colder water than 85°F. And, most chillers will operate
with reduced power input if this water temperature is reduced (down to a given limit as specified by the
equipment manufacturer). This concept is caled "floating the condenser” and holds the potentia of conserving
energy and reducing operating cods.

Sdecting the condenser water parameters and cooling tower design is very complicated. Design of these
systems requires experience, careful andysis, and condderation of initiad investment and operating costs. The
materid presented hereis Smply an explanation of severd design parameter opportunities. Please refer to the
specific cooling design modules esewhere in this information system for additiond detalls.

Formula: Btuh = gpm x range in °F x 500
where: 500 = 60min/hr x 8.33 Ib/gdl of water
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Compressor Capacity and
Performance

All compressors are rated in terms of how much flow (e.g., acfm) they produce at a given ratio of outlet to inlet
pressure (compression ratio). Thisflow is obvioudy afunction of compressor size (e.g., the number of
cylinders and volume displacement for recip compressors) and operating Speed (rpm), Compression ratio is
defined by the discharge pressure divided by the suction pressure (both in absolute pressure, psia).

The limits of clearance volumes and valve pressure differentids force some of the compressor's flow volume
cgpability to belost as useful compression. Thisis referred to as volumetric efficiency. For example, at a
compression retio of 3to 1, 82% of the volume of the compressor is useful. Therefore, if the refrigeration
effect required 10 cfm of vapor flow from the evaporator, the compressor would have to produce 10/.82 or
12.2 cfm of flow.

Top of Coadling|Index | EAQs| Contact Us

7/13/2000 11:02 PM



Cooling Comfort http://www.csw.com/apogee/cool html/cff.htm

CSWCorporation

Cooling Comfort

People "fed comfortable’ over awide range of temperatures and conditions, depending upon age, weight, sex,
and leve of physicd activity. A sedentary person could fed "cold” a 74°F if the humidity islow, whilea
factory worker could fed warm at 65°F if they are performing heavy manud labor. The HVAC system
designer usudly has to make a compromise, and most design to accepted criteria for human comfort. During
the summer, interior office space is usudly designed to hold a maximum temperature of 75°F and ardative
humidity of 50%. But, some areas of the country have very low humidity, even during these summer months.
This means the space temperature could be set a 78-80°F and provide the same level of comfort.

The comfort levels are aso dependent upon air movement. Someone Sitting in a space with inadequate air
movement is likdly to fed "closed in." A certain amount of fresh air must be introduced. Thisis defined by
ASHRAE gtandards for the building type and intended use.

ASHRAE standards provide CFM/person and CFM/sq.ft. guidelines.
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Cooling Systems
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Special Cooling System Designs

@ Specid Cooling System Designs - Clean Rooms

@ Specia Cooling System Designs - Data Processing

@ Specid Cooling System Designs - Hospital Operating Rooms
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Special Cooling System Designs -
Clean Rooms

Clean rooms (often found in the semiconductor, pharmaceutical, biotechnology, and aerospace industries)
usudly require specid particulate and microbia contamination and air flow pattern control, as well as sound
and vibration control. Six clean room classes are defined based on the particle count. Standards specify
particles per cubic foot for varying szes of particles. The first three classes dlow no particles exceeding 0.5
microns, and the last three dlow some larger particles up to 5.0 microns. The whole objective of good design
isto contral "dirty ar" while maintaining reasonable indalation and operating codts.
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Class 10,000 Nonunidirectional Clean Room with HEPA Filters Located in
Supply Duct and Class 100 Local Work Stations

Select those of interest for more detail . . .

Particle Control
Air Pattern Control
Cooling Loads Makeup Air
Temperature and Humidity Control
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Clean Rooms - Temperature and
Humidity Control

Precise temperature and humidity control are required. Temperature tolerances within 1°F are common, 0.1 to
0.5°F required in some gpplications. In most Class 1000 or better clean rooms, production personne wear full
coverage smocks. Comfort dictates room temperatures of 68°F or less. In other Stuations, process
temperatures set the control point.

Many clean rooms have rlaive humidity levels varying from 30 to 50 percent. Again, process requirements
st the degree of control with tolerances varying from 0.5 to 5 percent rlative humidity.

Static dectricity problems are less with humidities approaching 50%.
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Clean Rooms - Particle Control

Particle control addresses particles from both externad and interna sources. Most external particles can be
prevented from entering conditioned space with proper filtration. Two varieties of high efficiency air filtersare
available - High Efficiency Particulate Air filters (HEPA) and Ultra Low Penetration Air filters (ULPA). HEPA
filters have efficiencies of 99.97 to 99.997 percent for particles 0.3 m and larger. ULPA filters are 99.9997
percent efficient for particles down to 0.12 min Sze. Both use glass fiber paper technology, dthough air
ionization technology is sometimes used to control the deposit of particles on product surfaces.

CSWCorporation

Clean Rooms - Particle Control
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Class 10,000 Nonunidirectional Clean Room with Ducted HEPA Filter Supply Elements and

Class 100 Unidirectional Clean Room with Ducted HEPA Filter Ceiling

Ultraviolet germicidd irradiation (UVGI) can be used as a supplement to HEPA and ULPA filters.
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Clean Rooms - Air Pattern Control

Air pattern control refers to the process of minimizing air turbulence. Air supply and return configurations,
people traffic, and process equipment layout dl affect thisair flow. Depending on specific needs, air flow is
designed to be ether unidirectiond or non-unidirectiond. Unidirectiond airflow is characterized by asngle
passin asingle direction through the clean room. Air velocity of 90 feet per minute is widely accepted asa
norm.
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Clean Rooms - Cooling Loads

Cooaling loads in clean rooms are governed largely by process equipment and fan energy, since clean rooms
are usualy located entirely within conditioned space. Fan energy tends to be a rather large heat source
because of the large airflow requirements. Recirculated airflow rates of 90 cfm per q ft, which equates to 600
ar changes per hour, are typical in Class 100 or better rooms. The primary latent load is makeup air
dehumidification with alow dry-bulb leaving air temperature (between 35 to 45°F) to achieve the rdatively
low humidity requirements of many processes.
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Special Cooling System Designs -
Data Processing

Data processing areas may have specid temperature
and humidity requirements. Because they typicdly have
longer operating hours, they may be served a separate
refrigeration and air-sde system.

FILTER

COOLING

Data processing areas house computers aswell as ool

ancillary equipment, such as printers. Computers
generate Sgnificant heat and have components thet are
very sendtive to extremes of temperature, humidity and
dust. Computer rooms don't necessarily require quick
response to changes but overdl system relidbility is
essential. Computer rooms are usually kept at the HUMIDIFIER
lower end of the temperature tolerance of 72 £ 2°F

for two reasons. 72°F generdly assures satisfactory

operation, and it provides a cushion for short-term

peek load temperature rise without adversely affecting o0 F"':.'l'j“
computer operation. \

BYPASS
REHEAT

The relative humidity should be around 50 percent £
5%, and filtration should catch 45% of the particulates Self-Contained Computer Room Air Conditioner
with aminimum of 20 percent. The direct supply of air

to acomputer should remove hesat to no cooler than 60°F with a 65% relative humidity maximum and a 45%
levd of filtration qudity.

And Furthermore . ..

Data Processing - Cooling Loads
Data Processing - Air Conditioning Systems
Data Processing - Supply Air
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Data Processing - Cooling Loads

Cooling loads stem from the equipment, which is highly concentrated and not distributed too uniformly. Heat
gain from lights should be no grester than for good quality office space; occupancy loads will be low to
moderate. Heet gainswill be also be affected by room location. Because of the relatively low personndl
occupancy and low proportion of outdoor ar, computer room hegt gains are largely sensible loads. A sensible
heet ratio of 0.9 or higher is common. Information on computer hegt release can and should be obtained from

the manufacturer.
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Data Processing - Air Conditioning
Systems

Air-conditioning systems should be ingtaled so that the air-handling gpparatus operates independently of the
rest of the HVAC equipment. It is often desirable to have them cross-connected for backup. A wide variety of
combinations have been successfully used, including:

¢ Complete sdf-contained packaged units within the computer room,
¢ Chilled water packaged units within the computer room, and served by remote chiller equipment, and
¢ Centrd gation air-handling units with remote cooling equipment.

A separate and digtinct refrigeration facility for the data processing arealis often desirable because this ared's
needs are so different and often operates 24 hours aday the year round.. They require service and

mai ntenance without interfering with norma operation, and data processng must have the capability of
operating on emergency power. Heat rgection equipment should be designed for worst case operating
conditions to prevent shutdown during worst case weather conditions.

Some computer equipment requires water cooling to maintain the equipment environment. The computer
equipment manufacturer supplies this cooling system as part of its equipment, including a water-to-water hest
exchanger that amply needs a supply of chilled water.
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Data Processing - Supply Air
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Supply ar istypicaly distributed under floor from sdlf-contained packaged units using the space provided
under araised floor, with perforated panels, diffusers or registers built into the floor pands. This permits easy
access and relocation of the cooling as well as the computer equipment. In some cases, celling plenums supply
the cool air. This overhead supply should be limited to gpplications where air supply isn't o criticd and thereis

limited need for flexibility is not greet.
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Single Zone - Application
Considerations

In Sngle-zone systems, the zone with the thermostat usudly rules. All other zones served by thistype of system
must accept the resulting degree of comfort. If the thermostat zone requires heating, al zones get hesting.
Therefore, it isnot uncommon that multiple air conditioning units are used to satisfy the different thermd zone
requirements of a building.

Single-zone systems are sometimes preferred for indoor air quality reasons. Design airflow is dways ddlivered
to each zone, and it is often easier get the proper percentage of outside air to each zone. The congtant air
motion aso helps. This assumes proper selection and placement of the diffusers to eiminate "dead air" spots
and lingering odors. However, indoor ar qudity does not depend only on the proper amount of outsde air. It
aso involves other factors, such asfiltration, temperature, and acoustic contral.
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Conditioned space
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Single zone system serving multiple spaces.

Energy costs may run higher because of moving this constant volume of air. It could aso be very difficult to
modify sngle-zone systems to accommodate changes in a building's therma zoning. These changes frequently
occur due to new zone occupants or a change in the use of azone, for example the addition of computers.
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Fan Coil/Unit Ventilator Systems -
Application Considerations

Fan coails or unit ventilators are typicaly ingtaled around the perimeter of a building, on wals, under windows
or suspended in the callings. A mechanica equipment room on each floor is unnecessary. Perimeter Siting
provides easy access to outsde air. However, in some cases, architecturdly attractive grilles are used or
outsde air can be introduced through a central shaft. Perimeter Sting dso makes it easier to run coil piping and
condensate drain connections to each unit.

Both unit ventilator and fan coil systems have filters and fan drive components that require periodic
maintenance. Service and maintenance could interrupt occupants. Therefore, ease of access isimportant when

specifying ether of these units.
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Space Space \ .
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If outsde air is required, the unit will often have an outsde air damper that mixes outsde air with return ar
ingde the unit cabinet. This dso enables an air economizer cycle where air is used for cooling purposes. Air
intake grilles on abuilding's exterior provide a path for outside air to enter the unit.
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Single Zone - Description
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A single-zone system is best described as a congtant volume, variable air temperature distribution asystem. As
the name implies, a Single-zone system commonly serves one therma zone or multiple zones with loads thet
react, & least thermally, in asmilar manner.

This system fegtures a fan moving a congtant volume of air through a coil and into the zone. It may be a cooling
or heeting coil or both. The sysem airflow is usudly equd to the sum of the individua pesk air volumesin eech
zone. The leaving air temperature is typicaly controlled by asingle, adjustable thermostat centraly located in
the thermad zone.

An example of acommon sngle-zone system is a Sngle-zone rooftop. Thisis smply a packaged air
conditioning unit with both air-sde and refrigeration-sde components in a common casing. It is made for
outdoor ingdlation, and istypicaly ingdled, as the name would imply, on the building's roof. A rooftop unit
discharges air through ductwork and into the zones through diffusers. A thermodtat is srategicdly located in
one zone, and provides leaving air temperature control units. A building may have one or severd rooftops units
depending on the number of zones or tenants, and the load and use characterigtic of each zone.

Top of Codling|Index | EAQs| Contact Us

lofl 7/13/2000 11:18 PM



Single Zone - Advantages http://www.csw.com/apogee/cool html/csza.htm

CSWCorporation

Single Zone - Advantages

1. Themgor equipment is centraly located. This may permit operation and maintenance to take placein
unoccupied areas.

2. Thisisasmple and rdaively inexpensve system that provides conditioned air to a single zone.

3. Thereare no termind units so potentia disruption of the conditioned space isminimal.
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Single Zone - Disadvantages

1. It responds to only one set of space conditions, so it is limited to spaces where the thermal conditions vary
uniformly

2. The congtant volume airflow increases energy consumption.

The system is unable to take advantage of a buildings diversty which requires larger ingtaled tonnage.
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Fan Coil/Unit Ventilator Systems

“Vertical Cabinet l
Models Shown

Select one of these areas for more details. . .

Fan Cail/Unit Ventilator Systems - Description
Fan Coil/Unit Ventilator Systems - Two-Pipe/Four-Pipe Sysems
Fan Coil/Unit Ventilator Systems - Application Considerations

Differences Between Unit Ventilator and Fan Coil Systems

Fan Coil System Advantages
Fan Coil System Disadvantages

Unit Ventilator System Advantages
Unit Ventilator Sysem Disadvantages
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Fan Coil/Unit Ventilator Systems -
Description

Fan coils and unit ventilators are excd lent
examples of Sngle-zone systems. These
systems are avalable in horizontd celling
mounted, concealed, or recessed vertica floor
mounted arrangements. These sysems are
typicaly szed based on pesk airflow, but the
central refrigeration and heating sources are
based on typicd loads.

These systems use in-room units contained in a
common casing where components such asa
fan, heating and cooling coils, filters, controls
and often, in the case of unit ventilators, the
outside/return air damper are packaged. A
common configuration uses low pressure,
multiple speed fansin a blow-through coil
arrangement. A chilled water cooling coil is
typical, but direct expanson refrigerant systems are aso used. The hegting coil can be hot water, steam or
electric. For coils usng water, two or four-pipe systems are very common.
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Typical Fan-Coil Unit Arrangements

Wherewall penetrations are not acceptable, ventilation can be supplied by a separate system.
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Fan Coil/Unit Ventilator Systems -
Two-Pipe/Four-Pipe Systems

For two-pipe gpplications, the system designer must consider the change-over from cooling to heating duty.
Multiple chillers and/or boilers may be required for multiple zones. Unit mounted controls utilize a
pipe-mounted sensor to "tell" the unit whether it is heating or cooling, thereby opening or closing the closing
vaves accordingly.

Four-pipe systems utilize two independent coils, one for heeting and one for cooling, Cooling and heating
valves for controlling coil capacities are often factory instaled with their controls hidden insde the cabinet ,
wall-mounted, or remotely mounted to prevent students or other occupants from tampering with them.

Two-PIPE W/ELECTRIC HEAT

Four-PIPE

Two-pipe sysems use asingle coil for cooling or hesting. A two-pipe system with intermediate season dectric
heeting is a popular firg-cost choice versus a four-pipe system. In the summer and intermediate seasons, the
unit cals for cooling when the room temperature rises above the set point. If the room temperature drops too
far below the set point, the cooling vave closes and the dectric hest is energized. The advantage of atwo-pipe
system with an eectric heated fan coil tends to be recognized during the trangition months (fall or spring) when
cooling or heating can be required in the same day. The change-over is automatic with asystem utilizing a
thermogtat that senses water temperature.
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Fan Coil/Unit Ventilator Systems -
Application Considerations

Fan coails or unit ventilators are typicaly ingtaled around the perimeter of a building, on wals, under windows
or suspended in the callings. A mechanica equipment room on each floor is unnecessary. Perimeter Siting
provides easy access to outsde air. However, in some cases, architecturdly attractive grilles are used or
outsde air can be introduced through a central shaft. Perimeter Sting dso makes it easier to run coil piping and
condensate drain connections to each unit.

Both unit ventilator and fan coil systems have filters and fan drive components that require periodic
maintenance. Service and maintenance could interrupt occupants. Therefore, ease of access isimportant when

specifying ether of these units.
Treated Air Duct at 70°F f*
- —— , 3
3 —H—"];‘:}_.
1 velume
Dampers
Perimeter Corridor Perimeter
Space Space \ .
| [ ‘
_;. ———— _ /‘
Ventilation from Separate Duct System
Ventilation Air

If outsde air is required, the unit will often have an outsde air damper that mixes outsde air with return ar
ingde the unit cabinet. This dso enables an air economizer cycle where air is used for cooling purposes. Air
intake grilles on abuilding's exterior provide a path for outside air to enter the unit.
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and Fan Coil Systems

One main difference isin the unit cabinetry. Unit ventilators
typicaly have heavier sheet metd cabinets which hold up
better in the school environment. Classroom unit ventilators
aso have architectura advantages. School room units can
have shelving or cabinetry built dongside the unit to help hide
the comfort source.

Another difference isthat unit ventilators are usudly designed
to ddliver large amounts of outsde air through exterior wall
openings. Indoor air quality has become amgor issue,
especidly in schools. ASHRAE Standards recommend ever
larger percentages of outside air per student (i.e. 15 cfm per
sudent). Thisresultsin larger ventilation loads. A classroom
unit ventilator is specificaly designed to handle these loads.
In addition, utilizing chilled water and hot weter coils alows
for more stable control of coil discharge air temperature than
with adirect expanson coil.

Heat gains can be aslarge as 7°F when a classroom
suddenly fills with sudents. By taking in the outsde air, unit
ventilators can provide "free cooling” during cooler wegther.
A discharge air thermogtat maintains aminimum leaving air
temperature from the unit to prevent "dumping” of cold ar
onto students sested near the unit.
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Differences Between Unit Ventilator
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Mote: A Condensing unit is not required for
classroom units with chilled water coils.

Typical Classroom Air Conditioner
Applications

Unit ventilators are generaly available in larger Szes than fan cails, and both unit types often have their controls
hidden insde the cabinet or remotely mounted to prevent students or other occupants from tampering with

them.
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Fan Coil System - Advantages
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1. Centrd equipment may be szed smdler by taking advantage of building heating and cooling diversity.
2. The system requires only piping ingdlation which takes up less space than dl-ar duct systems.

3. Itisusudly easer to ingadl wire and water pipes than ducts making this a good choice for retrofit
gpplications.

4. Unoccupied aress of the building may beisolated and shut down, saving money.
5. Zones can be individualy controlled.

6. The system can accommodate up to 100% outside air capability.
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Fan Coil System - Disadvantages

1. TheFan Coil System requires more maintenance than "dl air" systems, and the maintenance work (such
as sarvicing filters) is performed in occupied aress.

2. Condensate must be disposed of at each unit.

3. Interior zones may require separate ducts to deliver outsde (ventilation) air.
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Unit Ventilator System Advantages

1. Centrd eguipment may be szed smdler by taking advantage of building heating and cooling diversty.
2. The system requires only piping ingtalation which takes up less space than duct systems.

3. Itisusudly easier to ingdl wire and water pipes than ducts, making this agood choice for retrofit
applications.

4. Unoccupied areas of the building may beisolated and shut down, saving money.
5. Zones can beindividualy controlled.
6. Inditutiona grade units can withstand significant occupant abuse.
7. The system can accommodate up to 100% outside air capability.
Unit ventilators have the added advantages of:
° Heavier cabinetry to withstand rigors of the classroom
e Added insulaion for quieter operation

e Numerous control options
o Optiona complementary bookshelves and cabinets that add valuable storage space.
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Unit Ventilator System
Disadvantages

1. Thefan coil system requires more maintenance than "al ar" systems, and the maintenance work (such
as savicing filters) is performed in occupied aress.

2. Condensate must be disposed of at each unit.
3. Interior zones may require separate ducts to ddliver outside air.

4. Large exterior wall openings are required a each unit to accommodate 100% outsde air capability.
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Dual Duct Systems
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Select from these areas of interest . . .

Dua Duct Systems - Description
Dual Duct Systems - Retrofit Concepts
Dud Duct Systems - Advantages
Dua Duct Systems - Disadvantages
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Dual Duct Systems - Description

DUAL DUCT SYSTEM
Oumoct  (SUMMER)
/.-. ©
'35" ‘in COOLING
% Boxe
&

/-‘h- lﬂnF
80OF " HEATING
| RETURN AIR

The dud duct system was popular in the early days of air conditioning. It had severa advantages, but the
disadvantages, like excessve energy consumption, led to its downfal after the energy criss of 1973.

The dua duct concept was fairly smple. A fan discharged air in a blow-thru arrangement that could either be
directed through the cooling coil or the heeting coil. What determined which path the air would take? Actudly
it was a device separate from either the fan or the coil, a device cdled the dua duct mixing box. Understanding
how this box worked isthe key to understanding how this system functioned.

DUAL DUCT SYSTEM
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L
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75F HEATING
R.A.

The dua duct mixing box was just that: a mixing box. It had a damper, controlled by the zon€e's thermogtat, that
mixed the correct amount of cool air and hot air to maintain the proper supply air temperature caled for by the
zone. This system worked on the same principa as your shower & home. Turn on agiven volume and Ssmply
add more or less hot and cold water to achieve the proper water temperature. Replace the water with air and
the concept Hill holds true.
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Dual Duct Systems - Retrofit
Concepts

Provide a discriminator-type control so the cold deck is only supplying cold enough air for the most cooling
demanding zone and the hot deck is only supplying warm enough air for the most heat demanding zone. If afull
discriminator control cannot be utilized, designers might consider the use of reset.

Potentidly add heet recovery to the chillersfor "free’ heet for the hot deck. Consder turning this syseminto a
dud duct/VAV system by replacing the dud duct mixing boxes with dud duct VAV boxes, adding an ar
modulation method to the fan, and adding the appropriate diffusers.
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Dual Duct Systems - Advantages

This system, like mogt "mixing" systems, had some mgor advantages for the time: it did not require the
modulation of the fan, it was farly Smple and, aswith al mixing systems, it had excdlent dehumidification
capabilities. However, dua duct was more complex than termind reheet. A common problem was that the
mixing boxes that were supposed to be constant volume weren't, which resulted in air shortages and excess
mixing in certain aress.
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Dual Duct Systems - Disadvantages

This system had severd flaws which caused it to become essentialy obsolete by the late 1970's. The primary
flaw was high energy consumption. The fact thet the sysem had to mix hot and cool ar to Smply maintain
Space temperature meant that it consumed large amounts of energy.

The second flaw wasiits lack of flexibility. Ironicaly, this system, theoreticdly, had the potentid for more
flexibility then ether of the other two popular sysems of the time: termindl reheat or multizone. By Smply
adding an additiona dua duct box, a zone could be added. However, thistypicaly was not done because it
frequently caused air baancing problems throughout the rest of the system.

Findly, this system had another serious problem: high first cost. Thiswas especidly critical when faced with the
new cost-competitive VAV systems being introduced in the early 1970's.
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Cooling System Design Objectives

Cooling system problems often emanate from the differences between three perspectives: The phrases. "as
drawn," "asbuilt," and "as operated,” indicate these differing viewpoints representing the system designer, the
builder or ingtdler, and the system operator.

"Asdrawn” highlights the designer's perspective. Here, the emphasis is often on designing the building to a
given budget. Typicaly amenities and other perceived "moneymaking” equipment have budget priority over the
"money-usng” HVAC equipment. Even o, the desgn community will often specify rdatively sophidticated
HVAC systems. However, the designer's assumption is that the building owner is familiar with the HVAC
design and will implement the system as designed. And, in dl too many cases, the designer isforced to specify
the HVAC system without regard for life-cycle costs.

Then the building owner exerts pressure, and as budgets are cut or shifted and the originally-specified
equipment is delayed, finishing the building takes on a higher vaue. The worst caseis "warehouse”' engineering
where the contractor will substitute whatever is available in the warehouse for the original design.
Unfortunately, these compromises and changes are seldom documented and often fail to even work up to their
cgpability as the contractor tinkers with system settings to avoid calbacks. For example, it ismuch easier to
set supply ar temperatures low and use rehest to correct unbalanced zones. (It's dso much more codtly to the
building owner).

The operator now enters the picture. They will often aggravate the Stuation and compound the problem
because no one ever trained them in efficient building operation. In fact, they're sddom rewarded for the
codt-savings impact they can have associated with efficient building operation. The result is predictable: they
respond first to "hot calls' and "cold calls' and learn to set controls or even bypass intringc energy efficiency
features to avoid even getting these cdls in the firgt place. The result is a predictable and steady degradation in
system performance.

Utilities, often with alittle encouragement from their regulatory agencies, realize HV AC design and operation
areimportant dementsin building energy use. Utilities redlize design and operation can sgnificantly impact
energy efficiency and demand sde management programs. Unfortunately, building owners or developers
seldom share this viewpoint. Therefore, when a utility is able to assume a least an advisory role in building
design and system operation through the design phase and various retrofit programs, they can promote energy
efficiency and help assure a postive outcome.
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Packaged Terminal Air Conditioning
Units (PTAQC)

@ Packaged Terminal Air Conditioning Units (PTAC) - Description

@ Packaged Termind Air Conditioning Units (PTAC) - Advantages

@ Paxckaged Termind Air Conditioning Units (PTAC) - Disadvantages
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Packaged Terminal Air Conditioning
Units (PTAC) - Description

Packaged termind ar conditioning units,
PTACs, aretypically sdected where individua
zones have an outsde wal and are conditioned
separately with individua occupant control.

PTACs are wel suited to hotels, motels, nursing

homes and gpartments. Asthe nameimplies, a
single package contains dl the components of
an ar-cooled refrigeration and air-handling
sysemin anindividud package.

Units are designed for through-the-wal

ingalation, with decorative outdoor grilles as an

option. Units are dso available with various
hesting options-electric resstance or hydronic.
Other variations include the Packaged Termind
Heat Pump (PTHP).

Control configuration optionsinclude:

e Unit or remote wall-mounted thermostat

= Provisonfor garting and sopping from a

centra point
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» Start and stop at preset times (for use less than 24 hours)

« Individud over-ride

» Multiple units controlled from one thermostat
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Packaged Terminal Air Conditioning
Units (PTAC) - Advantages

1. Theinitid cost istypicaly lessthan a centra system adapted for room occupant control.
2. Building spaceis conserved since ductwork and mechanica rooms are not needed.

3. Inddlationiseasy. It'sdmaost a matter of wiring the unit in aholein thewall.

4. 0Old or mafunctioning units may be quickly and easily replaced with a spare chassis.

5. Numerous control options.

6. Wael-suited to spaces requiring many individua temperature control zones.
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Packaged Terminal Air Conditioning
Units (PTAC) - Disadvantages

1. The system tends to have higher maintenance costs because of multiple compressors and fans.
2. Routine sarvice in the occupied space required to change filters and clean cails.

3. Thesysem isonly goplicable to perimeter zones.

4. Noiselevesvary condderably and the system is generdly too loud for critica gpplications.

5. PTACsare not as energy efficient as centrd systems.

6. Humidification, when required, must be supplied by a separate system.

7. Life expectancy, with proper maintenance, projected at 10 to 15 years.

8. Temperature control typically cause swingsin room temperature.
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Water Source Heat Pumps

@ Water Source Heat Pumps - Description

@ Water Source Heat Pumps - Application Considerations

@ Water Source Heat Pumps - Advantages

@ Water Source Heat Pumps - Disadvantages
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Water Source Heat Pumps -
Description

A water source hest pump is a self contained
water-cooled packaged heeting and cooling units  +~ e~y NG } |

with areversible refrigerant cycle. Its MODE _ F*Edj'f,TED HEAT f’. EQ:‘:}
components are typicaly enclosed in acommon | @mHFRMR " ca SooLeD

casing, and include a tube-in-tube hesat
exchanger, a heating/cooling coil, a compressor,
afan, areversng vave and controls. WATER LOOP

. J J
CON- REVERSING EvAFDRATOR
DENSER "yWa | vE

During the cooling mode, the tube-in-tube hegt
exchanger functions as a condenser and the coail
as an evaporator. In the heating mode, the HEATING
tube-in-tube heat exchanger functions as an MODE
evaporator and the coil as acondenser. A

reverang vaveisingddled in the refrigerant circuit

to permit the changeover from hesting to cooling, il ==
and vice versa. The condenser and evaporator $1 oRaDR VALVE
tubes are designed to accept hot and cold

refrigerant liquid or ges.

YWATER LooP ||
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Water Source Heat Pumps -
Application Considerations

| [

The water source heat pump is, by definition, a heat _L Sl el |
recovery system. It is best applied to buildings that have —'Ll
smultaneous cooling and hegting loads. Thisis the case I i
during winter months during which some units cool (7| 17
interior zones while others hegt perimeter zones. The I_.'__..] 'J__,]
heet rgjected by cooling unitsis used to warm the zones 3
caling for hest. A boiler is used to warm condensing I
water during the pesk hesting periods, if necessary. ;
Also, acooling tower is required to reject the heat [‘ B g n—
energy from the condenser water loop during periods of 1 S
high cooling demand. |, waten-to- - [

- LA ]
Water source heat pumps can be suspended in the -
calling plenum, floor mounted behind walls or placed
directly in the occupied space as a console unit. There 1 EXPANSION TANK
are aso rooftop and unit ventilator type water source ——‘ ’HE#T REJECTION DEVICE
heat pum

s WATER E PUMP

Water source heat pump systems generaly cost lessto R 0 —£ /7

ingal than a centra built-up syslem. They offer o & o i
individual zone control with the added flexibility of being e Pl e ugs
able to accommodate changes in location and sizes as

thermad zones or zone occupants change. This system is often ingdled in celing plenums, which frees up
vauable floor space.

Another vauable benefit of water source heat pumpsis that they can accommodate smultaneous calls from
zones requiring heating or cooling. Depending on the climate, outside air may require preheat or cooling prior
to being introduced to the unit. In the example of celling mounted water source heat pumps, put outsde ar
ducts near each unit to improve indoor ar quality.

On the negative side, this system often experiences a higher maintenance cost and shorter replacement life than
other systems because of continuous fan and compressor operation during heating and cooling modes. The
system makes some noise since the compressor and fan are commonly located close to the zone occupant.
The noise can be minimized by placing units away form the occupied space and ducting the supply air to the
zone.

Often, multiple units serve an occupied space, o, if one were to fail, the other units could back it up until the

unit is repaired. The packaged design of most unit types dlows quick change-out by service personnd 0
maintenance can be performed off Ste.
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Water Source Heat Pumps -
Advantages
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1. Water Source Heat Pumps can save money and lower energy consumption by:
a recovering heet from building interior zones and "pumping’” it to the perimeter of the building.
b. isolating and shutting down unoccupied aress of the building.

2. Heat pump units are ingdled ingde the building; they aren't exposed to the weether. Thisis especidly
important, for example, in coastal areas were the aimosphere can be very corrosive.

3. It'svery flexible. The system can be subdivided or expanded into new zonesto fit building remodeing
or additions easily and inexpengvely.

4. Thissygem iswedll-suited to "tenant finish" inddlations.

5. While the loop piping isingaled throughout the building, the hest pumps can be ingaled as tenant
space is scheduled for occupancy.
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Water Source Heat Pumps -
Disadvantages
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1. Accesshility to termind unitsisimportant. This means architects and mechanica and sructurd
designers must carefully coordinate their work.

2. Each unit requires eectricd and plumbing service.
3. Vaentilation systems must be ingaled to duct outsde air to each space.
4. Secondary or backup heat sources are required in cooler climates.

5. Thissysem typicaly has higher maintenance costs because of the multiple compressors and fans.
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VAV Systems

@ VAV Sysems - Description

@ VAV Sysems - Application Consderations

@ Changeover/Bypass VAV Systems

@ Reheat VAV

@ Parallel Fan Powered VAV

@ SeriesVAV

@Dud Duct VAV
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VAV Systems - Description

In the 1970's, the desgn community made serious efforts to reduce system energy costs and, at the sametime,
add independent zone control: 1t was during this period the varidble air volume (VAV) systems gained their
popularity. VAV systems are designed to supply only the volume of conditioned air to a Space that is needed
to satisfy the load. Fan energy is saved when the volume of air handled by the fan is reduced. Air volume
contral is accomplished by ingtaling modulating dampers, or in some cases, an air vave, in the supply duct to
each zone. As the room temperature demand becomes satisfied, the thermostat sgna's the damper to move the
supply air zone vave toward the closed position.

When zone valves are throttled, the static pressure in the supply duct changes. A static pressure sensor located
in the supply duct senses the dtatic pressure change, and ether increases or decreases the airflow from the
source, using variable speed control or dampers on the main air supply fan.

A key component inthe VAV sysgem istheair vave. It iscommonly indaled indde an insulated sheat metal
box sugpended in acelling plenum. The air vave has a damper that regulates the air flow in response to the
room's thermostat. A multi-port pressure sensing ring provides both accurate airflow sensing and contral in
response to duct static pressure.

AsVAV sysems have evolved, so have the terminas. There are ix popular VAV systems. They are:

e Shutoff

* VAV Rehedt

e Pardld Fan Powered
* Series Fan Powered
e Dud Duct

« Changeover/Bypass
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VAV Systems - Application
Considerations

There are many factors to consider when designing VAV systems. Here are afew:
1. VAV systemsare popular because they can easily accommodate added control zones.

2. Smadl zones contribute to precise temperature control, which facilitates occupant comfort. However, the
cogts increase with the number of zones.

3. Air digribution is another important consderation with VAV systems The diffusers must ddiver air a
varying velocities. A standard diffuser may work well for constant volume applications, but not so well
a part load air velocities. Improperly selected diffusers may even dump air a design air flows. Proper
discharge geometry provided by the linear dot diffuser contributes to good air distribution.

4. Lack of ar movement can lead to poor indoor air qudity. The result is suffiness and discomfort. A
minimum stop on the air valve or the use of series or pardld fan powered VAV boxes can help prevent
the valve from closng off completdy, and closing off arflow to the zone. One method of increasing zone
arflow during light cooling loadsis to desgn an intdligent control scheme that resets the leaving air
temperature off the coil upward. This method will circulate more air a higher temperatures, and will
save energy.

5. Building pressure control is especidly important in VAV systems. In abuilding with an outsde air
economizer damper, the volume of outside air introduced varies with the building cooling load and
outdoor temperature. The building istypicaly baanced a the minimum outsde air setting. When the
outside air damper opens to provide economizer cooling, more air is entering the building than is being
exhausted. As aresult, the building pressurerises. A popular scheme used to solve this problem
compares space pressure with the outdoor air reference pressure. The exhaust fan is modulated, as
necessary, to maintain afixed, dightly positive space pressure.
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Changeover/Bypass VAV Systems

@ Changeover/Bypass VAV Sysems - Description

@& Changeover/Bypass VAV Systems - Application Considerations
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Changeover/Bypass VAV Systems -
Description
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When first cost is key, the changeover/bypass systems can provide temperature control to each zonein the
building, while using atypica single-zone ar conditioning unit. This system is caled changeover/bypass
because it changes over between heating and cooling operation and uses a bypass loop to alow constant
volume fans on ar conditioning equipment while ddivering variable air volume to the zone. Many single-zone
applications utilize direct expanson refrigeration systems that will not tolerate large reductionsin airflow. A
centra system controller monitors the heating and/or cooling needs of al comfort zones and automatically
changes system operation from heeting to cooling, or vice versa as necessary, to satisfy the needs of the zones.
Instead of using a Single-zone sensor to determine heating or cooling, each zone has a thermodtat.

The centrd system controller can be programmed to weight zonesin order of importance to decide if the
centrd air conditioning unit should be providing heating or cooling. The centrd system controller dso senses
the supply arflow rate and modulates a supply ar bypass damper to maintain the required airflow through the
ar conditioning unit. The ar termind unit used with this sysem is Smilar in function to the shutoff termind. The
unit controller istypicaly connected to a zone thermodtat that provides input for the zone controller to
modulate the zone control damper.
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Changeover/Bypass VAV Systems -
Application Considerations

A changeover/bypass VAV system has many of the same application guiddines as the more traditiond VAV
systems. However, there is one additiona consideration, therma zoning. A changeover/bypass VAV system
cannot accommodate S multaneous cooling and heating demands on the same unit, For applications requiring
heat on demand when the air conditioning unit isin the cooling mode, duct heeting coils can be inddled and
controlled from the zone damper controller and zone thermodtat.

This does not limit this system to smdl| buildings. Larger office buildings, schools, and manufacturing facilities
can be served aslong as the building can be thermally zones to accommodate the systems capabilities, i.e.
zones should have amilar thermd loading characterigtics. Each therma zoneis then assigned a heating and
cooling unit which serves a number of individual changeover/bypass VAV terminds.
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Reheat VAV

@ Reheat VAV - Description

@ Reheat VAV - Advantages

@ Reheat VAV - Disadvantages
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Reheat VAV - Description
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This system is generdly used in cooling-only applications, thet is, areas not normaly needing heat during
occupied hours. Where sgnificant skin heating loads are common, perimeter radiant heat is added under
windows to prevent cold down drafts.

Instead of locating heat within the zone, aVAV rehegat system places heat within the VAV termind, most
commonly in the termina’s outlet. The heat can be supplied by hot water, seam or an dectric coil. To ensure
aufficient air flow, the air vave damper will typicaly have an adjustable minimum stop. This sysem typeis
often selected when system first cost is a primary driving force.
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Reheat VAV - Advantages

1. Themgor equipment is centrdly located. This permits operation and maintenance to take place outsde
of occupied aress.

2. Temperaure control for even alarge number of zonesis reaively inexpensive. Plus, this system can
accommodate S multaneous heeting and cooling. Heeting and cooling coils won't be fighting each other.

3. It'svery flexible. The system can be subdivided or expanded into new zonesto fit building remodding
or additions easlly and inexpensvely.

4. Thissystem can save money by:

o Modulaing the fans. Fans consume a significant portion of the energy in the building, and VAV
system fans run a subgtantialy lower volumes most of the time. This offers the potentid for
Sgnificant energy savings.

e Taking advantage of a building's heating and cooling diversty. This can lower the sygem's first
cogt, as wdl as reduce energy consumption because it is usng smadler equipment at more efficient
part-load conditions.

° And, isolating and shutting down unoccupied aress of the building.

5. Sincethe system will most often operate below the design condition, noise levels will usudly be lower
than specifications.

6. VAV boxeswith high minimum stops may be idedl for areas where congant airflow and
dehumidification are required.
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Reheat VAV - Disadvantages

1. Accesshility to termind units isimportant. This means architects and mechanica and structura
designers must carefully coordinate their work.

2. Eachtermind unit has an air vave which requires either dectrica or pneumatic service.
3. Eachtermind unit has a heating coil which requires utility service and maintenance.

4. The system requires diffusers that can provide adequate distribution characteristics over awide range of
ar flows

5. During the heeting mode, the primary airflow isfirst cooled and then reheated resulting in increased
energy consumption.
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Parallel Fan Powered VAV

@ Pardld Fan Powered VAV - Description

@ Pardlel Fan Powered VAV - Advantages

@ Pardld Fan Powered VAV - Disadvantages
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Parallel Fan Powered VAV -
Description
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The pardld fan powered VAV termind is acommon system design. In this configuration the cooling air valve
isfirg modulated to a predetermined minimum position (it can be completely closed). Then the termind fan and
heat are energized consecutively as the temperature in the space continues to drop. In this configuration, the
primary air does not pass through the termind unit's fan.

When no hest is needed, the locdl parale fan is off and a back draft damper is closed to prevent cool air entry
into the return plenum. When little or no air isflowing to the VAV zone, and the zone temperature drops
below setpoint, the locd pardld fan isturned on and the back draft damper opens. Warm recirculated plenum
ar isthen mixed with the minimum flow of cool primary air and delivered to the zone at a predetermined
minimum constant air volume. Additiona heat can aso be provided, when specified, by a heeting coil located
a theleaving air Sde of the unit.

A mgor benefit of pardld fan powered termind unitsis that the secondary fan motor runs only when primary
ar tempering isrequired. Also, the termind fan requires no specid interlock with the centrd air handler

because it Sts outsde the primary airstream. Another benefit is that the heet of the plenum (due mainly to
lighting) can be used for zone tempering.
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Parallel Fan Powered VAV -
Advantages

1. Themgor equipment is centraly located. This permits operation and maintenance to take place outside
of occupied areas.

2. Temperaure control for even alarge number of zonesis rdaively inexpensive. Plus, this sysem can
accommodate S multaneous heeting and cooling. Heeting and cooling coils won't be fighting each other.

w

The fan powered VAV box can take advantage of the hegting effect of lights to reduce building hesting
requirements.

I

. It'svery flexible. The system can be subdivided or expanded into new zonesto fit building remodeling
or additions easily and inexpensvely.

o

This system can save money by:

> Modulating the fans. Fans consume a sgnificant portion of the energy in the building, and VAV
system fans run a substantialy lower volumes most of the time. This offers the potentia for
ggnificant energy savings.

e Taking advantage of a building's heeting and cooling diversty. This can lower the sygem's first
cost, aswell as reduce energy consumption because it is using smaler equipment at more efficient
part-load conditions.

> And, isolating and shutting down unoccupied aress of the building.

6. Sincethe mgority of the operation will be below design conditions, the noise level will often be lower
than that specified at design.
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Parallel Fan Powered VAV -
Disadvantages

1. Accesshility to termind unitsisimportant. This means architects and mechanica and structura
designers must carefully coordinate their work.

2. Eachtermind unit has afan and filter which require eectric service as wdl as periodic maintenance.
3. Eachtermind unit has an air vave which requires either dectrica or pneumatic service.

4. The system requires diffusers that can provide adequate distribution characteristics over awide range of
ar flows.
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Series VAV
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Saries VAV - Description
Saries VAV - Advantages
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Series VAV - Description
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Series fan powered terminal units are commonly used in VAV zones that not only require hest during occupied
hours, but also congant volume air ddlivery. With this system the termina unit fan isin series with the centrd
fan. Therefore, primary ar from the centra fan always passes through the termind unit fan. The locd seriesfan
isgeneraly szed for 100 percent zone air flow since dl primary airflow passes through it. This secondary fan
operates whenever thereisacal for arflow to the zone. This ensures a congtant flow of air, but the
temperature of the ar varies.

Asthe zoneis cooling requirement decreases, the vave's damper closes. As the damper closes, the air mixture
supplied to the zone contains less cool ar and more warm recirculated plenum air. The heeting coil located at
the leaving air Sde of the unit can provide additiona hest.

Series fan powered terminals are often selected by designers who wish to take advantage of the unique
characterigtics of congtant air ddivery to the zone, while gtill benefiting from the energy saving associated with
VAV a the main air handler. Seriestermina may be used throughout the entire building or they may be
sectively applied in areas where congtant airflow is desirable, such as washrooms, entrance ways, hdlways,
atriums, and conference rooms.

Series and paralel fan powered termind units are adso frequently used in low temperature air supply systems,
gnce the unit fan can be szed so that warm recirculated plenum air is mixed with cool supply air. Thisraises

the supply air temperature and minimizes potentid for condensation on the diffuser. It aso minimizes the cold
ar being dumped on occupants.
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Series VAV - Advantages

1. Themgor equipment is centrdly located. This permits operation and maintenance to take place outsde
of occupied aress.

2. Temperaure control for even alarge number of zonesis reaively inexpensive. Plus, this system can
accommodate S multaneous heeting and cooling. Heeting and cooling coils won't be fighting each other.

w

The fan powered VAV box can take advantage of the heating effect of lights to reduce building heating
requirements.

IS

. It'svery flexible. The system can be subdivided or expanded into new zones to fit building remodeling
or additions easily and inexpengvely.

5. Thissystem can save money by:

e Modulating the fans. Fans consume a sgnificant portion of the energy in the building, and VAV
system fans run a substantialy lower volumes most of the time. This offers the potentia for
sgnificant energy savings.

e Taking advantage of a building's heating and cooling diverdty. This can lower the system's first
cogt, aswdl as reduce energy consumption because it is usng smadler equipment at more efficient
part-load conditions.

> And, isolating and shutting down unoccupied aress of the building.

6. Sincethe mgority of the operation will be below desgn conditions, the noise level will often be lower
than that specified at design.
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Series VAV - Disadvantages

Accesshility to termind unitsis important. This means architects and mechanica and Structura
designers must carefully coordinate their work.

Each termind unit has afan and filter which require dectric service as well as periodic mantenance.

3. Eachtermind unit has an air vave which requires either dectrica or pneumatic service.
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Dud duct terminds units have two air vavesin acommon VAV box enclosure: one controls cool primary air
and the other controlswarm air. This system provides varigble air volume as well as variable temperature.
With the dud duct system, adjustable air mixing point is provided to minimize air movement when the unit
changes over between cooling and heating, and vice versa. Terminas are connected to temperature sensors

located in the zone.

Dud duct systems can be very energy efficient when thereislittle call to mix cool and heated air, and separate
upply fans are utilized for heating and cooling. A mgor shortcoming of single-zone sysemsis that the heating
and cooling capacity supplied to each comfort zone cannot be adjusted to match changing load conditions
within the zone. As aresult, dthough the centra thermostat can be satisfied, individua zone comfort is often

compromised.
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Induction Systems - Description
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Induction Systems - Description

In the 1950's and 60's induction was a popular system in certain aress of the country, especidly for buildings
with large skin loads like those with high glass content. In addition, it was idedl for applications where it was
desirable not to have dehumidification take place in the occupied space, like hospital patient rooms.

Why high glass content buildings? Because the low air temperature of the primary air combined with the
secondary air could significantly reduce the quantity of air required compared to al-air systems. Thiswas
especidly important because most of the buildings at the time used large quantities of glass which had poor
shading coefficients and U factors which required large air quantitiesin adl-air sysems.

Why hospitd patient rooms? Primarily because dl of the dehumidification was done a the primary ar unit and
not in the patient room itsdlf. This eiminated in-room condensate drain pans where microorganisms could
collect and breed, possibly spreading disease.

The concept involved using induction units to handle the perimeter sensible loads of the building and a separate
congtant volume, or in some cases, a cooling-only VAV system to handle the interior load. The primary air
was typicaly 100 percent outsde air and was supplied to the induction units through smdl, high velocity spird
ductwork. High pressure was needed to force the air through the nozzles of the unit at an even higher velocity
which in turn induced secondary air across the units heating/cooling coil. The idea was to schedule the primary
ar temperature based on outside air and alow the heating and cooling coail to trim the difference. Thiswas
especidly complex in the case of two pipe induction systems where the change-over from heating to cooling
was criticdl.
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Induction Systems - Retrofit
Considerations

Most induction system retrofits require a sart-from-scratch scenario. Thereis frequently little that can be done
to savage the origind system. One ideathat has been implemented in some locations is to connect the existing
ductwork to fan powered VAV boxeswhich, in turn, are designed to use low temperature air. To supplement
the cooling, the secondary piping can be piped to the fan powered VAV boxes to provide a non-latent cooling
boost in the cooling mode and heeting within the heating mode.

Some owners have dso tried to ingal VAV on the induction boxes and inverters on the fans. Again, while
these things can be implemented, the mgority of the retrofits have smply scrapped the existing system and
started over.
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Induction Systems - Advantages

1. A subsgtantid reduction in the size of ductwork compared to al-air systems being used at the time,
(termindl reheat, dud duct, multizone).

2. It dso offered good dehumidification characteristics because of the low air temperature used for the
primary air, and

3. These systems could be designed to relatively low sound leves in the conditioned space.
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Induction Systems - Disadvantages

However, this system had serious flaws that caused it to become obsolete. The larger energy consumption
came primarily from the requirement of having high static pressures on the primary arr fans, frequently as high
asfive to eight inches water column. In addition, because the primary air had to be zoned per exposure of the
building, the potentid existed for heating and cooling fighting between the primary and secondary ar aswell as
with theinterior system. In addition, system flexibility was essentialy nonexigtent. By its very nature, with
primary air and piping running to each induction box, it was difficult, if not impossible to add more zones.
Findly, induction sysems had an extremely high first cost.
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Absorption Crystallization

@ Causes of Cryddlization

@ Absorption Anti-Crystalization & De-crysdlization Devices

@ Specid Considerationsfor Light Load Control
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Causes of Crystallization

Some absorption chillers are notorious for "freezing up” or crystdlizing. The basic mechaniam of fallureis
smple enough — the lithium bromide solution becomes so concentrated that crystds of lithium bromide form
and plug the machine (usudly the heat exchanger section).

The most frequent causes are:
1. Air leskage into the machine,
2. Low temperature condenser water, and
3. Electric power failures.

The firg two are actudly very smilar snce they both drive the heat input up to the point that crystalization can
occur. Whether air lesks into the machine or the condenser water temperature is too low, the water vapor
pressure in the absorption chiller evaporator has to be lower than norma to produce the required cooling. This
forces the heat input to the machine to be higher to increase the solution concentration. Air leskage into the
meachine can be controlled by designing the machine with hermetic integrity and routingly purging the unit using
avacuum pump.

Excessvey cold condenser water (coupled with a high load condition) can aso cause crysdlization. While
reducing condenser water temperature does improve performance, it could cause alow enough temperature in
the heat exchanger to crystdlize the concentrate. Sudden drops in condenser water temperature could cause
crystdlization. For this reason, some of the early absorption chillers were designed to produce a congtant
condenser water temperature. Modern absorption chillers have specia controls that limit the heat input to the
machine during these periods of lower condenser water temperatures.

Power failures can cause crystdlization aswell. A normd absorption chiller shutdown uses adilution cycle that
lowers the concentration throughout the machine. At this reduced concentration, the machine may coal to
ambient temperature without crystalization. However, if power islost when the machine is under full load and
highly concentrated solution is passing through the heat exchanger, crystdlization can OCCUR. The longer the
power is out, the greater the probability of crystalization.
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Absorption Anti-Crystallization &
De-Crystallization Devices

Major absorption chiller manufacturers now incorporate devices that minimize the possibility of crystalization.
These devices sense impending crystlization and shut the machine down after going through adilution cycle.
These devices aso prevent crystdlization in the event of power fallure. A typicd anti-crystalization device
conggts of two primary components.

1. A sensor in the concentrated solution line at a point between the concentrator and the heat exchanger,
and

2. A normdly open, two-position valve located in aline connecting the concentrated solution line and the
line supplying refrigerant to the evaporator sprays.

If crystdlization occurs, the liquid level risesin the concentrated solution line as resistance to flow within the
heat exchanger increases. Thisincreasein leve is sensed which, in turn, opens the vave permitting refrigerant
(water) to flow into the concentrated solution, thereby reducing the solution concentration. When flow is
re-established, the machine is placed in adilution cycle and shut down.

If apower falure occurs, the valve is aready open and the pressure of the refrigerant in the evaporator spray
piping forces enough water into the concentrated solution line to dilute the solution and prevent crystdlization.
Restoring power closes the vave and the machine returns to normal operation.

Some chillers are o equipped with heat exchanger bypass lines that facilitate de-crystalization. When
crystalized, concentrated solution cannot flow from the concentrator to the absorption chiller. Diluted solution,
however, does flow from the aosorption chiller to the concentrator, building up to the point that it spills over
into the bypass line and returns directly to the absorption chiller. This causes the absorption chiller to heat up
until its temperature gpproaches that of the concentrator. The hot solution returning from the absorption chiller
through the hegt exchanger de-crystallizes the machine.
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Special Considerations for Light Load
Control

Under this set of conditions, the chiller reaches equilibrium with a very low solution concentration in the
absorption chiller. In certain machines, there is the possibility that there isn't even enough water in the machine
to permit equilibrium at this dilute condition. As a consequence, the evaporator pan runs dry. In modern
meachines, this automaticaly stops the machine (to protect the refrigerant pump motor which would otherwise
overheat). Absorption chiller manufacturers address this problem in a couple of ways. Some provide
additional water storage in the evaporator to accommodeate this operating condition. Others use afloat control
in the evaporator to sense this Situation and divert flow from the absorption chiller. This reduces machine
capacity by dowing the rate of absorption and consequently the rate at which refrigerant (water) is vaporized
in the evaporator.
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Power Reliability

Hospitals and other critica cooling
gpplications will often consder absorption
and/or engine-driven chillers to mitigate the
consequences of an eectrica outage. In
fact, one of the common rationales for
absorption isthat it downsizes the
emergency generator required, and can
often be fired with in-place boiler capacity.
Thislogic may well be correct but it should |
be compared to severd other dternative
design drategiesinduding:

1. Thermal storage: Today's
operating room suites are often better served with 38°F water to provide desired space temperatures.
Thiswater can be produced with an ice-based thermal storage system that can aso provide emergency
cooling during an dectrica outage.

2. Emergency generators. Emergency generators are rdaively inexpensive and shouldn't be dismissed
out of hand. In addition, many of today's eectric utilities are interested in contracting with cusomersto
operate this equipment at times when the utilities are pesking. This reduces the utility's own generation
requirements (commonly called curtailable power agreements).

3. Equipment retrofit: Always check the economics of replacing inefficient existing equipment. There
may be aviable opportunity to upgrade to amore efficient cooling dternaive. For example, an exigting
300 ton dectric chiller operating at 0.9 kW/ton can be replaced with a450 ton dectric chiller operating
a 0.6 kwiton. With the same energy consumption, the system would gain another 150 tons of cooling
capacity at no added operating cost!
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Problems - Water Towers

@ Water Towers - High kW/ton and/or Inadequate Tonnage

@ Water Towers - Faulty Or Missing Nozzles

@ Waer Towers - Faulty Or Missing Fill

@ Water Towers - Silt, Sediment, Or Sime In The Tower Basin

@ Water Towers - Air Flow Problems

@ Water Tower Problems - Tower Size

@ Water Towers - Hydraulic Problems
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Water Towers - High kW/ton and/or
Inadequate Tonnage

Mogt chillers operate pretty close to manufacturer's specifications if the condenser and evaporator water
temperatures and flow are reasonably close to design conditions. Therefore, these are the first things to check
if achiller isether not ddivering expected capacity or using more energy than expected. Since the condenser is
often exposed to the dements and thereby subject to fouling and deterioration, thisisthe first areato check.
Common problems here include:

1. Poor cooling tower performance (including everything from broken fill to poor water distribution over
tower fill),

2. Hydraulic and/or air flow problems (where inadequate water is being sent to active towers, ar flow to
the tower isredtricted, or air leaving the tower is being drawn back into the tower).

3. Condenser fouling due to improper cooling tower trestment or inadequate filtration.

Most of these problems can be identified Smply by observing tower operation.
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Water Towers - Faulty Or Missing
Nozzles

Water fed to the top of the cooling tower enters FAULTY OR MISSING NOZZLES
digtribution boxes and passes through orificesand nozzles. pistrisuTion Boxes . Trrical DisTRIBUTION Box

If these nozzles are plugged, missing, broken, or water is

not being evenly digtributed, the tower fill will not receive
TrricaL MOZZLES

an even water spray. The maintenance gaff is aso prone
to break these nozzles or force them loose in their
frugtration to keep them running clear. Blocked nozzles
commonly cause the distribution boxes to overflow, and
broken or missng nozzles typically cause water to stream unevenly on the outside of the tower.
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Water Towers - Faulty Or Missing Fill

Some older cooling towers use wood dats supported on FAULTY OR MISSING FILL

wire or wood frames. These are very inefficient compared : : STRUCGTURED
to today's modern structured tower fills. Theold, = e e T
inefficient fills cause the water to fdl too rgpidly through \ /

the tower, minimizing the evaporation rate and Liaai pisi o

consequently the temperature drop. Similarly, missing fill ~ UNeves frowl /

results in water leaving the distribution boxes to fall —

directly and quickly to the tower basin. The easest way to
spot fill problemsisto look across the tower basin for uneven water flow. The tower should look like a
uniform heavy rainstorm from this vantage point -- not a series of waterfals,
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Water Towers - Silt, Sediment, Or
Slime In The Tower Basin

Runn|ng yOUI’ hmd dOﬂg thetwva' b&Gn g’]OUId not p|Ck SILT SEDIMENT DR ELIME
up very much sediment or dime. Sediment implies either

that the tower is not being blown down adequately (which
could result in scale buildup in the chiller condenser), or —_— -

inadequate water filtration. Slime implies the cooling tower I ¥ CHECK
water chemidtry is out of balance which will quickly foul / HERE
chiller condensers. The basin water should be clear and
essentialy colorless. An excdlent way to check for
potential condenser fouling is to compare the chiller's
leaving condenser water temperature with the temperature
a which refrigerant is condensing (you can do thisusing
condenser pressure and arefrigerant properties table). While this can be tedious for the uninitiated, it's dmost
dways feasble to do thisin the field with smple insrumentation. Comparing this information with equipment
data from the manufacturer often pinpoints the problems.
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Water Towers - Air Flow Problems

AlIR FLOW FROBLEMS

Cooaling towers tend to be thought of as "ugly” by the desgn

=
community, and efforts to hide or disguise them often creste air / \
flow problems. For example, shrubs, louvers, and even placement — =] MM
too close to buildings can "gstarve' the tower for fresh air and/or L e OBSTRUCTION
cause some of the warm, humid discharge air to short circuit and A H
deteriorate tower performance. 2 *

: i
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Water Water Tower Problems - Tower
Size

Oversizing acooling tower represents one of the best energy efficiency investments that can be made since it
will deliver colder condenser water on design days as well as reduce energy consumption throughout the rest
of the year. In essence, the tower surface areais made larger and more air is brought into contact with the
same amount of cooling tower water. While tower fan power may be dightly higher on design days, the
offsetting energy savingsin the chiller itsdf usudly more than compensates.
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Water Towers - Hydraulic Problems

Today's high efficiency dectric chillers normaly use about 2.8 gpm of condenser water per ton. Pumps are
purchased to produce this flow for agiven cooling tower height and tota frictiond resstance in the piping and
chiller systlem. Pump impellers exposed to sand and silt can erode, and fouled or plugged condensers can
sgnificantly increase pumping resistance. The combined result is reduced condenser flow. One of the earliest
warning signs of this problem shows up in the temperature rise across the condenser. If it's higher than that
specified in the chiller design (commonly from 85°F to 95°F or a 10°F range), some form of flow problem
probably exigs.
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High Power Costs

@ Faling Chillers

@ Poor Operationa Planning

@ Multiple Chillers. Absorption & Electric Hybrids
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Failing Chillers

Demand charges can be accidentaly set higher than norma when the lead chiller falls, since lead chillerstend
to be backed up by less efficient and less rdiable machines. The worst caseis where alead chiller fails
followed quickly by the failure of one or more of the less efficient machines. Once the chillers are findly put
back on line they dl tend to "load up" to maximum tonnage levels to recover the building and thereby set an
unusudly high eectrica demand. Where the dectric rate schedule has a demand ratchet, this can be quite
coslly. There are saverd potentid solutionsincluding:

1. Better preventative maintenance (o that chiller fallureislesslikely in the firgt place),

2. Chiller replacement coupled with load reduction (e.g., through improved lighting or better HVAC
contral).
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Poor Operational Planning

Operators may not understand the cost impact of starting a chiller for afew hours aday once or twice a
month. They may choose to sart a chiller in answer to a"hot cal" which might be better solved through
window trestments, improved HVAC control, upgraded lighting efficiency, or even by relocating the worker. It
may aso be less expengveto just let the chilled water temperature rise, if it won't be for avery long period of
time. Clearly, operator training and sengtivity is essentid here, dong with an awareness of the financia impact

of chiller operation.
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Multiple Chillers: Absorption &
Electric Hybrids

Where dectric demand charges are high (e.g., above $20 per kW per month) and naturd gasisreatively
inexpendve and forecast to Say that way, design professonas and building owners may sdect a cooling
system design that employs both absorption and dectric chillers. The find composite design often employs
between 30% and 40% absorption. That is, a 1,000 ton cooling system might have included between 300 and
400 tons of absorption peak-shaving chillers. The origina design team assumed that the absorption equipment
would reduce pesk demand - the peak-shaving concept. But operators may have never had that explained to
them. And, since electric chillers are easier to start and stop, the operator's preference may have been to
operate the absorption chiller al the time and to meet pesk cooling by starting and stopping the eectric chiller
-- exactly the opposite of what should be happening. Again, operator training and sengitivity is essentia here,
aong with an awareness of the financia impact of chiller operation.
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Chillers
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Free Cooling

"Free Cooling" is the production of chilled water without operating the chillers. Free cooling is not redly free as
the chilled and tower water pumps and the tower fan(s) must operate.

The heat removed from the building by the chilled water coilsis rgected by one of these dternatives.
1. Refrigeration Migretion
2. Strainer Cycle

3. Plae and Frame Heat Exchanger

Select from these areas of interest . . .

Refrigerant Migration
Strainer Cycle

Plate and Frame
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Free Cooling - Refrigerant Migration

One method for reducing the energy consumption of a centrifugal water chiller isto add arefrigerant-migration
free cooling cycle. Thistype of free cooling is based on the principle that refrigerant migrates to the coldest
point in arefrigeration circuit.

FREE COOLING
ceouE = REFRIGERANT MIGRATION

REFRIGERANT BvFASS

- i

[SONDENSER

T FUMF

¢ COOLING LoAD

(ZHILLED WATER
PUMP

When water returning from the cooling tower is colder than the chilled water, refrigerant pressure within the
condenser islower than that in the evaporator. This pressure differentid drives the refrigerant vapor "boiled
off" in the evaporator to the condenser, where it liquifies and flows by gravity back to the evaporator. Aslong
as the proper pressure difference exists between the evaporator and condenser, refrigerant flow and the
consequent free cooling continues.

Under favorable conditions, refrigerant-migration free cooling can provide as much as 40 percent of the
chiller's design tonnage if the chiller is designed appropriatdy. Since the chiller and free cooling cycle cannot
operate smultaneoudly, free cooling of this type can only be used when the cooling capacity of the tower water
is sufficient to meet the entire building load.

Little, if any, free cooling capacity is available when the ambient wet bulb temperature is above 50°F.
Accessories such as chilled water pumps, condenser water pumps and cooling tower fans continue to operate
in the conventional manner while the chiller operates in the free cooling mode. The energy cost savings redized
from free cooling operation results from the compressor's inactivity during this cycle. The cooling tower must
be designed for winter operation.
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Free Cooling - Strainer Cycle
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Like other methods of free cooling, the addition of a strainer-cycle waterside economizer is intended to reduce
water chiller energy consumption. This particular method uses cooling tower water to satisfy the building's
cooling load. Whenever ambient wet bulb temperature islow enough, cooling tower weter is"vaved" around
the chiller directly into the chilled water loop. The cooling tower water typicaly passes through afilter (or
drainer) before entering the chilled water circuit. Thisiswhy it iscommonly referred to as "srainer cycle”

STRAINER

Chillexd
Purmp

Pumping cooling tower water throughout the entire chilled water loop increases the risk of pipe corrosion and
ar handler cail plugging. Thisrisk can be mitigated through more costly weter treatment.
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Strainer cycle economics are limited since free cooling is only available when the cooling load can be satisfied
with cooling tower water. The cooling tower must be designed for winter operation.
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Evaporative Cooling

Evaporative cooling supply ar can reduce the energy consumed by mechanica cooling equipment. The two
generd types of evaporative cooling are direct and indirect systems. The effectiveness of ether of these
methods is directly dependent on the low wet bulb temperature in the supply airstream. Thisiswhy these
systems are popular in desert climates.

In some applications, the two types are combined as shown here.
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Fig. 8 Indirect/Direct Evaporative Cooling System Using
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System
Select from these areas of interest . . .

Evaporative Cooling - Direct
Evaporative Cooling - Indirect
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Evaporative Cooling - Direct

Direct evaporative cooling introduces water directly into the supply airstream (usudly with a spray or some
sort of wetted media). As the water absorbs heat from the air, it evaporates. While this process lowers the dry
bulb temperature of the supply arstream, it also increases its wet bulb temperature by raising the ar moisture

content.
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Typical Wetted-Pad Evaporative Cooler

While an evaporative cooling system can effectively reduce the required capacity of the mechanica cooling
equipment, it usualy does not diminate the need for a conventiona cooling coil (except in certain arid regions
of the country). Additiond static pressure typically around 0.2 to 0.3 inches water column isrequired by the air
handling system whenever evaporative coils are used in conjunction with a conventiona cooling coil.

lof2 7/14/2000 9:33 AM



Evaporative Cooling - Direct

20f 2

GPRAY
HEADER

CELL SAFING

SPRAY HEADER
CONMECTION

PUMP SUCTION
IMJECTOR

CRAIM

Top of Coadling|Index | EAQs|

o
1
I
f._.

!
I |
I I
1 11!
--..:.__.._4
]

I

I

T e

o S

I
1
]

S|

ELIMINATORS

el

OYERFLOWY

—

"

GIDE ELEVATION

Typical Cell Air Washer

Contact Us

http://www.csw.com/apogee/cool html/cced.htm

7/14/2000 9:33 AM



Evaporative Cooling - Indirect

http://www.csw.com/apogee/cool html/ccei.htm

CSWCorporation

Evaporative Cooling - Indirect
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Indirect evaporative cooling uses an additiona waterside coil to lower supply air temperature. The added cail
is placed ahead of the conventiona cooling coail in the supply airstream, and is piped to a cooling tower where
the evaporative process occurs. Because evaporation occurs elsewhere, this method of "precooling” does not

add moigture to the supply air, but is less effective than direct evaporative cooling. That is, it will not codl ar to
aslow atemperature a the same outside air wet bulb.
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Desiccant Systems

Commercid cooling equipment dehumidifies air by dropping its temperature below the dew point, causing
water to condense on the coil. From there it is drained from the unit. Most commercid space is maintained at
~50% humidity so circulating 44°F water through the conventiona cooling coils will usudly do. But what if the
gpace requires 15-20% humidity, say to handle some humidity-sengitive materia ? Achieving that humidity in
the space would require a much colder coil temperature. Needless to say, after the water was removed, the air
would have to be reheated. Thisisthe domain of desiccant based systems. Desiccant systems remove
moigture directly from the air without cooling it. In fact, they usudly end up hesting the air.

Consequently, desiccant based systems tend to be used in a series with conventional cooling equipment. The
common design gpproach uses desiccant to remove the moisture (i.e. latent load) while conventiond cooling
removes the sengble load. Asin dmogt any technicd ares, there are severd dternatives. The two most
common commercid designs uses a honeycomb whed impregnated with a solid crystaline materid (such as
lithium chloride or slicagd) or aliquid spray into the air Sream.

Both capture the moisture in the air asit passes through.

Cooling Tower

Another aternative to these desiccant concepts worthy of F:"_h-

Sde-by-side comparison is the heat pipe, which is much W=, _-l

simpler and may provide the same performance. Denumisitiere—y  f| [FC0
2.1::;';!___._ = E 3_._ Sul.:,-fl:f

Desccant sysems are widdy used in low humidity applications >§a’ 3
such as pharmaceutical powder production and packaging. i Exhaust

v Exhoust r ™ B D-ﬂl—-
They have also been used in supermarkets where lower space Regenerator Lt
- : In wilth —Healing
humidity has been shown to improve the energy performance Crioses Whesl ik
of case work, increase occupant comfort and may even Frongleding Weter Vopor
improve saes. The two key questions are : Are they cost Selid Desiccant Dehumidification

effective to ingal? Do they represent the best system to ingdll
in agiven gpplication? Both of these questions should be

addressed by aqualified professiona. e iR Supply
N0

If they fit and are correctly designed, desiccant systems can ol ' 3 | ' Costing

aso produce these benefits: Detangitt S (1| Receiver
Cha e ——— |

1. Eliminate condensation on cooling coils and in drip pans, = I"'_.T;

and reduce humidity levelsin ducts. Thiswill virtudly diminate ,,—~|\—_.,

the growth of mold, mildew, and bacteria. The combination | =M

can reduce maintenance and help avoid indoor air quaity Rugenaretiod Sr i

problems. T -

Liquid Desiccant Dehumidification

2. Lower humidity levelsin occupied spaces provides
equivaent comfort levels a higher ambient temperatures. This could alow chilled water set-points to be raised
and there-by save energy and reduce system operating costs.
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3. Reduce the mechanica cooling load which should permit the use of smaller chillers and possibly even
smaller ducting in new congtruction. These congtruction cost offsets should be factored into any economic
evauation.

Gas-Fired Desiccant System

Heat Exchanger
Desiccant Burner (optional) Ambient
Exhaust Wheel Heater
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Absorption Cycle

The absorption cycle uses a heat-driven concentration difference to move refrigerant vapors (usudly water)
from the evaporator to the condenser. The high concentration side of the cycle asorbs refrigerant vapors
(which, of course, dilutes that materid). Hest is then used to drive off these refrigerant vapors thereby
increasing the concentration again. Lithium bromide is the most common absorbent used in commercid cooling
equipment, with water used as the refrigerant. Smaller absorption chillers sometimes use water as the
absorbent and ammonia as the refrigerant. Asyou can probably guess, the absorption chiller must operate a
very low pressures (about 1/100th of norma atmospheric pressure) for the water to vaporize at a cold enough
temperature (e.g., a ~ 40°F) to produce 44°F chilled water.

CONDENSER -~~~
GENERATOR/ "

L EVAPORATOR

ABSORBER

Single-Effect
Absorption Chiller

The smplified diagram hereillugtrates the overdl flow path. Starting with the evaporator, water a about 40°F
is evaporating off the chilled water tubes, thereby bringing the temperature down from the 54°F being returned
from the air handlers to the required 44°F chilled water supply temperature. One ton of cooling evaporates
about 12 pounds of water per hour in this step.

This water vapor is absorbed by the concentrated lithium bromide solution due to its hygroscopic
characterigtics. The heat of vaporization and the hest of solution are removed using cooling water at this step.
The solution is then pumped to the concentrator at a higher pressure where hest is gpplied (usng steam or hot
water) to drive off the water and thereby re-concentrate the lithium bromide.

The water driven off by the heat input step is then condensed (using cooling tower water), collected, and then
flashed to the required low temperature (40°F in our illustration) to complete the cycle. Since water is moving
the heat from the evaporator to the condenser, it serves as the refrigerant in this cycle. There are also
absorption chillersin use (e.g. in motor homes) that use ammonia as the refrigerant in the same cycle.
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The absorbent is the materid that is used to maintain the concentration difference in the machine. Most
commercid absorption chillers use lithium bromide. Lithium bromide has avery high &finity for weter, is
relatively inexpensive and non-toxic. However, it can be highly corrosive and disposd is closdy controlled.
Water of courseis extremely low cost and safety Smply isn't an issue.

Absorption Chillers
Absorption chillers are avallable in two types.

1. Single Effect (Stage) Units using low pressure (20 pg or less) asthe driving force. These unitstypicaly
have a COP of 0.7 and require about 18pph per ton of 9 psig steam at the generator flange (after
control valve) at ARI standard rating conditions.

2. Double Effect (2-Stage) Units are available as gas-fired (either direct gasfiring, or hot exhaust gas from
agas-turbine or engine) or steam-driven with high pressure steam (40 to 140 psg). These unitstypicaly
have a COP of 1.0 to 1.2. Steam driven units require about 9 to 10 pph per ton of 114 psg input
sleam at ARI standard rating conditions. Gas-fired units require an input of about 10,000 to 12,000
Btuh HHV per ton of cooling at ARI standard rating conditions. To achieve thisimproved performance
they have a second generator in the cycle and require a higher temperature energy source.
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Two Stage Absorption Chillers

Two-Stage Absorption Cooling Cycle
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The energy efficiency of absorption can be improved by recovering some of the heet normaly regjected to the
cooling tower circuit. A two-stage or two-effect absorption chiller accomplishes this by taking vapors driven
off by heating the first stage concentrator (or generator) to drive off more water in a second stage. Many
absorption chiller manufacturers offer this higher efficiency dternative.

Notice that two separate shells are used. The smaller isthe first sage concentrator. The second shdll is
essentidly the single stage absorption chiller from before, containing the concentrator, condenser, evaporator,
and absorption chiller. The temperatures, pressures, and solution concentrations within the larger shell are
smilar to the Sngle-stage aosorption chiller as well.

Steam at pressurestypicaly inthe 125 - 150 psig range is brought into the stainless stedl tubes of the first stage
concentrator causing the solution there to boil. The pressure a which boiling occurs and the pressure of the
released refrigerant vapor is gpproximately 5 psig (20 psa). The partidly concentrated solution from thisfirst
stage flows through the high temperature heat exchanger whereiit is cooled by the lower temperature dilute
solution returning from the concentrator. This concentrate then passes into the lower pressure second stage
concentrator where the vapors from the first stage take it to the final desired concentration levels. This second
stage operates at a pressure of 0.1 atmosphere (1.5 psia).

The reuse of the vapors from the first stage generator makes this machine more efficient than sngle sage
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absorption chillers, typically by about 30%.

Two-stage absorption chillers are typically driven by high-pressure (60 to 130 psig) steam, direct-fired with
naturd gas or #2 fud ail, or usng hot exhaust gas from combustion engines.

Low Temperature
Generator

Yy High Temperature
5 Generator

Intermediate Solution
Concentrated Salution

, Absorber

Liguid Refrigetsnil
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Direct-Fired Absorption Chillers

Direct-fired absorption chillers utilize a burner as the heat input for the absorption cooling cycle. Most operate
ether on naturd gas or No. 2 fud oil. Since the hegt input is a a very high temperature, they achieve avery
high efficiency for the absorption cycle...something approaching 12,000 Btu of fuel input for each ton hour of
cooling output. The absorption cycle itsdlf isvirtudly identica to that of the two-stage steam absorption
chillers. However, unlike most steam absorption chillers, the direct-fired absorption chiller lends itsdlf fairly
readily to "chiller-hester” applications where both cooling and heating are achieved in the same unit. This can
result in asmdler footprint for the boiler room in some Stuations.

Select from these areas of interest. . .

Direct-Fired Absorption Chillers - Advantages
Direct-Fired Absorption Chillers - Disadvantages
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Direct-Fired Absorption Chillers -
Advantages

Where aboiler can be diminated by the dua heating and cooling capability of this machine, the cost and space
savings can be aggnificant. In addition, sleam is not required, which can be important in Stuations where local
codes require licensed boiler operators for seam-driven units but permit unmanned operation of direct-fired

absorption chillers.
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Direct-Fired Absorption Chillers -
Disadvantages

Direct-fired absorption chillers require a stack to vent combustion products. Thisis not necessary in a
steam-fired unit. In addition, the first cost of direct-fired units are higher than steam driven units. Maintenance
cogts on the heat rgjection circuit tend to be higher due to more rapid scaling. Also be careful to check
warranted life of absorption chiller heat transfer surfaces (especidly the generator section) and the refrigerant
and solution pumps. All absorption chillers use dectric power to operate these pumps, the condenser water
pumps and cooling tower fans. They aso use more water as they must rgject more heat and require larger

cooling towers.

Absorption chillers are more difficult than dectric chillersto put on-line (Sart up) and to teke off-line (shut
down) asthey require adilution cycle. All of these issues should be addressed in discussions with
manufacturers, desgners and mechanica contractors.
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Waste Heat Fired Absorption Chillers

Mogt absorption chillers use either steam or fuel for heat input. But, waste heat from process or a cogeneration
system can aso be used in the absorption process.

Select from these areas of interest . . .

Hot Water
Steam
Hot Air
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Waste Heat Fired Absorption Chillers
- Hot Water

The performance of absorption chillersis extremely dependent upon the entering hot water temperature and
flow rate. Where water temperatures are over 250°F, aslittle as 1.2- 1.5 gallons per minute of hot water can
produce one ton of cooling. For example, a 120 gpm waste heat stream at 250°F can probably produce
80-100 tons of cooling. However, the same Sze stream at 200°F may produce only haf as much cooling.
Additiondly, the absorption equipment must be derated for lower hot water supply temperatures. For
example, achiller that can produce a nomina 560 tons with 250°F hot water will produce about 534 tons with
240°F, 430 tons with 220°F, and only 375 tons with 210°F hot water. This deration of capacity serioudy
impacts the economics as the first cost per ton rapidly increases. Remember aso that absorption chillersfired
with hot water will only reduce that water temperature ~ 30-50°F for return to the hest source. Thistendsto
limit the viability wadte heet recovery.
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Waste Heat Fired Absorption Chillers
- Steam

Waste steamn from a cogeneration system obvioudy produces the same leve of cooling as boiler generated
steam, Low pressure waste steam sources (say 14 psig) typicaly require 18-20 pounds of steam per hour to
produce one ton of cooling in a single-stage absorption chiller. That performance improves to 10-12 pounds
per ton-hour of steam when steam pressures are in the 50 to 130 psig range and used in a 2-stage (double
effect) absorption chiller.
Steam absorption chillers are nomindly rated as follows:

¢ Singlegage 9 psg a generator flange

* Two stage: 114 psig steam input pressure.

Capacity ratings are decreased as steam pressure drops below nomina. For example, anomina 100-ton unit's
capacity will drop to 84 tonswith 78.5 psig steam.
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Waste Heat Fired Absorption Chillers
- Hot Air

Direct-fired absorption chillers can often be modified to accept hot air or exhaust from a gas turbine or engine.
Performance is dmost totally dependent upon air temperature, For example, waste hesat air temperatures °F or
higher offer performance similar to direct-fired absorption chillers where every 13,000 Btu of hest recovered
produces one ton of cooling. When calculating heet recovery, remember to assume waste heet leaving the
absorption chiller at 375° to 400°F (this means the absorption chiller will not reclaim dl of the waste heat
potentid).

For exhaust gas heat recovery
Chilling capacity (tons) / 40,950 = m x (Tg - 375)
Heeting capacity (Btuh) = m x (Tg - 375) x 0.257

where m = exhaust gas flow rate in pounds per hour

Tg = exhaust gasinlet temperaturein °F

40,950 = cooling constant representing average gas specific heat, interconnect efficiency, cooling COP and the conversion
from Btuh to tons

0.257 = heating constant representing average gas specific heat and the interconnect efficiency

375 = minimum temperature of exhaust gas leaving chiller in °F.
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Absorption Chillers - Maintenance
Considerations

Properly designed and ingtalled absorption chillers can function without full time attendants. The machine can
be started and brought on line with smple time clocks or energy management systems. Non-condensables are
automaticaly purged and the operator can schedule normd routine maintenance. Obvioudy, locd building
codes may dictate that afull time operator is, or isnot, required. This, in turn, is often afunction of the sze of
the equipment, steam pressure, etc. Always consult local codes when considering these issues.

There are three primary maintenance areas. mechanical components, hest transfer components, and controls.
The following segments discuss mechanica and hesat transfer maintenance aress.

Select from these areas of interest. . .

Mechanicd Components
Heat Transfer Components
Pump Maintenance
Prolonged or Seasona Shutdown
Purging Non-condensable Gases
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Absorption Chiller Maintenance -
Mechanical Components

One manufacturer's absorption chillers has a single motor/multiple ra p—
pump configuration for refrigerant and solution flow and a purge \
unit. Other manufacturers use individual hermetic solution and

refrigerant pumps cooled and lubricated by the pumped solution.
Another uses open motors with a shaft sedl. -

Pictured here are two hermetic, refrigerant cooled and lubricated
pump assemblies. The hermeticaly seeled motor drivesthe
solution and refrigerant pump impellers. In this multiple pump
arrangement, motor coolant and lubrication is by the fluid being
pumped. Hermetic pump designs diminate the need for externd
shaft seels—amaintenance item and potentia source of ar
leakage.
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Absorption Chiller Maintenance - Heat
Transfer Components

Thelife, performance, and cooling capacity of absorption equipment hinges on keeping heet transfer surfaces
free of scdle and dudge. Even athin coating of scde can sgnificantly reduce capacity. Therefore, cooling
tower water chemidtry is critical, and failure to properly trest this water could void manufacturer warranties.

Scale deposits are best removed chemicdly. Sudge is best removed mechanicdly, usudly by removing the

headers and loosening the deposits with a giff bristle brush. The loosened materid is then flushed from the
tubes with clear water.
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Absorption Chiller Maintenance -
Pump Maintenance

When the dectric motor and pump bearings fail, one design permits replacement of pump parts without
removing the lithium bromide solution from the machine. The first sep is dosing the hand vavesin the
lubrication circuit, disconnecting the dectrical supply, and removing the motor. The pump shaft sed maintains
meachine vacuum. Mgor pump repairs are accommodated by charging the machine with nitrogen to
atmospheric pressure. Once complete, the machine is evacuated, and pump parts removed and repaired or
replaced. Other designs require a more complicated replacement procedure.

Pump maintenance begins with the magnetic strainer which must be cleaned 2 weeks after theinitid startup and
a the mid-point in the cooling season. Shaft sedls should be examined for wear at three year intervals.
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Absorption Chiller Maintenance -
Prolonged or Seasonal Shutdown

In the case of seasond or prolonged shutdown, refrigerant may migrate from the evaporator to the absorption
chiller causng alow refrigerant leve in the evaporator pan and piping. Since refrigerant is used to lubricate
pump and motor bearings, lubrication from an auxiliary source must be provided during the startup phase of
operation. Once an operating charge of refrigerant has been recovered from the solution, the machine may be
returned to norma operation.

Thisauxiliary circuit is usudly established by connecting city water to the externa connections of the pump
lubrication piping.

In dl cases, follow the manufacturer's recommended procedures.
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Absorption Chiller Maintenance -
Purging Non-condensable Gases

All absorption chillers must be purged of non-condensable gases to maintain performance. The three methods
used are Seam jet, solution jet (or "motorless purge”), or a vacuum pump, with the vacuum pump being by far
the most common.

Non-condensable gases migrate to the area of lowest pressure in the absorption chiller (the evaporator) where
asmal portion of the vapor is extracted and condensed in the purge unit using cooling water.
Non-condensable are then evacuated by the vacuum pump. In norma operation, the purge system should
operate about one hour aweek. The vacuum pump oil level should be observed, maintained, and changed as
necessary. Oil purge pump motor bearings should be inspected and replaced, and the belt adjusted as needed.
In addition, the vacuum pump should be flooded with il during seasona shutdown to prevent interna
corrosion.
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Purging of non-condensables can be accomplished using a "motorless purge’. Where motorless purging is
used, an optiona vacuum pump can adso be used for evacuation.

Indl cases, the operator should log purge operation and monitor purge operation trends. Increasing purge
operaion dgnds increasing in-leakage of air and moisture.
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Screw Compressors

@ Screw Compressors - Description

@ Screw Compressors - Performance

@ Screw Compressors - First Cost

@ Screw Compressors - Emissions

& Screw Compressors - Operation and Maintenance
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Screw Compressors - Description

Hélica rotary (or screw) compressors are positive
displacement machines. Two types are used -
single-screw and twin-screw. A twin-screw compressor
congsts of accurately matched rotors (one male and one
femae) that mesh dosaly when rotating within aclose

Gas-Cooled Molor

tolerance common housing. One rotor is driven while the X2
other turns in a counter-rotating motion. o
| — LY /{ &
Schematic of a Single-Screw Compressor A Single-screw FL, DM e
compressor LA
Discharge \‘\1 umi'snass:rggl\lle Semihermetic Twin Screw with Suction
f

rotor meshing

with two gate rotors with matching teeth. The main screw is driven
by the prime mover, typicaly an eectric motor. The gate rotors
maybe metal or acomposite materid. The screw-like grooves
gather vapors from the intake port, trap them in the pockets
between the grooves and compressor housing, and force them to
the discharge port aong the meshing point path. This action raises
the trapped gas pressure to the discharge pressure. If the power
input is adequate and pressure differential between outlet and inlet
pressures is within the design range of the machine, the screw compressor ddlivers the appropriate refrigerant
gasvolume.

Notice that the refrigerant gas enters and exits the compressor through ports, not vaves like reciprocating
compressors. Compressors of this type are called ported compressors for this reason. The mating rotors are
rotating at such close tolerances, they require cooling and lubrication. This may be provided by forcing ail into
the compressor at strategic points. The oil also acts as a sed for rotor-to-rotor and rotor-to-housing
clearances.

lof 3 7/14/2000 10:18 AM



Screw Compressors - Description

20f3

http://www.csw.com/apogee/cool html/ccsd.htm

Semihermetic Twin Screw with Motor Housing Used as Econamizer, Built- in Oil Separator

The ail isentrained by the flowing refrigerant gas, leaves the compressor, and is recovered by an oil separator
for reuse (after cooling and filtering). Since the oil sump is on the high pressure sde of the system, a
mechanica pump is not required for oil circulation. The compressive action of the screw itsdf provide the

necessary pressure differentid.

In other designs, subcooled liquid refrigerant injection (insteed of oil) cools
and sedls the compressor. The use of liquid refrigerant iminates oil
management problems as there are no oil separators or oil recovery systems.
The system is sedled, cooled and lubricated with liquid refrigerant which dso
attenuates the noise. Capacity is controlled with two dide vaves.

Since the screw compressor is most often driven by a constant speed
electric motor and the screw compressor is a positive displacement machine,
the naturd tendency isto move afixed volume of refrigerant gas. Thiswould
make refrigeration capacity control difficult. The design uses adide vave
that opensto vent some gas back to the suction port, reducing both the net
gas flow and power input.

Severd manufacturers offer packaged water chillers using hdlicd rotary or
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As the rotation continues, the
gas Is sealed within the space
created by the notor fAute,
housing and star tooth. Con-
tinuous rotation causes the vol-
ume of the rotor Aute to reduce
further — thus causing com-
pression,

"screw™ compressors. Water-cooled units range in size from 50 tons to over 1200 tons. They normdly use
HCFC-22 and HFC134a as refrigerants in space cooling designs and ammoniain process refrigeration
(particularly food processing). In the smaler Szes, they compete with reciprocating chillers. In larger Szesthey

compete with centrifugds.

Screw compressors usualy employ hermetic or semi-hermetic designs for higher efficiency, minimum leskage,

ease of sarvice, and volume production reasons.

7/14/2000 10:18 AM



Screw Compressors - Description http://www.csw.com/apogee/cool html/ccsd.htm

/ Unloader
Hermetic
System Refrigerant Gas
Discharge Port

Refrigerant
Gas Suction
Port

Oil Separator

Male Rotor Female Rotor

Air- and evaporatively-cooled models can be used from about 60 to 350 tons, and can use open-drives.
Chillers usng ammonia aways use open type compressors, typically with direct-coupled dectric motors. The
selection of open or hermetic design depends on the gpplication, refrigerant, and the manufacturer.
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Screw Compressors - Performance

Power input performance for screw chillers has been improving over the years as aresult of better desgns and
compressor configurations. Overal mechanica and compresson efficiencies vary with the compression raio
(absolute discharge pressure divided by suction pressure in psia). These efficiencies range from 75 to 82%,
including the losses associated with the hermetic-type refrigerant cooled motor.

At ARI Standard rating conditions (44°F leaving chilled water, 85°F entering condenser water), typical chiller
operation will be about 40°F evaporating and 100°F condensing gauge pressures. A modern screw
compressor has an energy efficiency ratio (EER) in the 14 to 17 range, equa to 0.85 to 0.70 kW per ton at
full load. But remember, chillers don't operate a full load that often and screw compressors are more efficient
at part load. Integrated part load performance (a weighted average operating condition) for screw units can be
aslow as .42 kW per ton.

The chiller's power requirement is likely to be rated in brake horsepower (bhp) in air-cooled applications. To
convert from bhp to dectric input in KW, estimate the motor efficiency (typicaly about 90 percent efficient)
and use the following example of a 100 bhp rating. It would trand ate to:

(100 bhp x 0.746 KW/bhp) = 82 kW.
9 ef.

Assembled into air-cooled chiller packages or split unitsin the 20 to 200 ton capacity range screw chillers can
be expected to perform at about 9 to 10 EER, equivaent to 1.15 to 1.06 kW per ton with an average of about
1.1 KW per ton.

While they tend to cost more than reciprocating units, air-cooled screw chillers offer better efficiency, infinitely
variable capacity control, and a higher tolerance to liquid refrigerant entering the compressor.
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Screw Compressors - First Cost

First cost of rotary screw chiller packages are generdly about the same as centrifugals. Smaller Szestend to
be more expensive than their reciprocating counterparts. Screw compressors are gaining in popularity and the
costs are expected to decrease as production increases. Operating Costs depend on the gpplicable electric
rate and the chiller power input. Screw chiller packages typically have alower power input than recips but use
somewhat more power than a comparably sized centrifuga a ARI standard conditions. Air-cooled chillers
typicaly have a higher full-load design kW/ton than water-cooled units. However, the operdting profile of the
fecility has amgor effect actual annud operating cods.

For example, an air-cooled chiller serving a hospita operating room that operates year-round could well have
alower annua €eectric cost than a comparable water-cooled unit, due to the large number of operating hours
at part-load and low-ambient temperature conditions. A careful energy use and cost andysis performed by a
professona will indicate the most economica choice.

Additionaly, annual maintenance costs must be considered, and these costs tend to be about the same as the
centrifuga counterpart.

If the chiller is driven by anaturd gas engine, the added maintenance costs of the engine must aso be added.
Typicaly this annudly amounts to about $0.012 ton per operating hour.

And Furthermore . ..

Compare - Installed Costs - Chillers
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Screw Compressors - Emissions

Screw chiller emissions fdl into two mgor categories direct (or on-gte) and indirect (emissions resulting from
the production of the energy used to operate the equipment).

Direct on-site emissons of an dectric screw chiller are confined to the release of refrigerant due to lesks or
sarvicing. Federa law now mandates no intentiond release of CFCs. The user and the servicing agency are
required minimize leaks and service release. Good preventive maintenance practices are essentiad. Other
factors include the chiller age, application (sngle package or split system), compressor type (open
compressors with their shaft seals leak more often than hermetic designs).

Today'stypicd semi-hermetic type chiller might lose about 3 to 5 percent of its charge annudly. With the
refrigerant charge running about 3 pounds per ton, the emission of refrigerant could total 0.12 pounds per ton
per year. An open chiller might lose 5 to 7 percent, and thus emit about 0.18 pounds per ton per year. To
dlow for something less than idedl, a conservative emisson estimate might total about 0.25 pounds per ton per
year.

Gas-engine driven screw chillers must use open-type compressors. In addition to the same refrigerant
emissions as an dectric chiller, they dso emit the products of combustion of the naturd gas on-ste. Also, the
leakage of naturd gas into the atmosphere, dthough small, is aso believed to contribute globa warming.

These emissons can be projected using the estimated annud gas consumption. The typical energy input (on an
HHYV bass) is about 8,600 Btu per ton-hour for a screw chiller. Using the annud ton- hours of cooling, the
emissions of CO2 and the criteria gases can be estimated using these relative vaues of pounds per million Btu
of fuel burned. The emissons of dl gases other than NOx are rdatively congtant throughout the loading range.
It can be expected the NOX emissons will vary alittle, depending on the annua load profile.

O - site Emissions in pounds per million Btu of Natural Gas burted

COL co N S0x VO Particulates®
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Particulates are al 10 microns or less.
Volatile organic compounds (VOC) includes hydrocarbons (HC).

While so-caled "lean-burn engines' emit less NOX than conventiona engines at full load, they emit much more
at part load conditions. Since chillers most often operate at part load, the added expense of alean-burn engine
isnot consdered, at least not with current technology.

Indirect emissons occur at the power plants generating the eectricity used to power dl chillers. Comparison of
dterndtive chiller designs (for example, eectric versus gas), must include both the chiller itsdf and the system's
auxiliary energy consumption. The power plant emissions can be estimated from the annua power
consumption and serving utility's power plant emisson data
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Screw Compressors - Operation and
Maintenance

Operation and maintenance (O& M) issues with screw chillers focus on the availability of parts and qudified
sarvice technicians. Since these chiller compressors are less common, this can be an important issue for the
user.

Select from these areas of interest . . .

Compare - Operation and Maintenance Codsts - Chillers
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Reciprocating Compressors

@ Reciprocating Compressors - Description

@ Reciprocating Compressors - Power Reguirements

@ Reciprocating Compressors - First Cost

@ Reciprocating Compressors - Operating Costs

& Reciprocating Compressors - Emissions
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Reciprocating Compressors -
Description

Most cooling systems in use today rely on reciprocating piston-type compressors. Reci procating compressors
are manufactured in three types:

1. Hermetic - compressor-motor assembly contained in awelded stedl case, typicaly used in household
refrigerators, resdentid air conditioners, smaler commercid ar conditioning and refrigeration units.

2. Semi-hermetic - compressor-motor assembly contained in a casting with no penetration by arotating
shaft and with gasketed cover plates for access to key parts such as vaves and connecting rods.

3. Open - compressor only with shaft sed and external shaft for coupling connection to belt - or
direct-drive usng as dectric motor or naturd gas engine. These are largely used for anmonia
refrigeration gpplications as hermetic designs cannot be used with ammoniarefrigerant, and for
engine-driven units.

As the piston nears the bottom of its stroke within the :
cylinder, the intake valve opens and the refrigerant vapor Discha rge Stl"ﬂle
enters. Asthe piston rises, the increased pressure closes HEsD SPace o W
the intake valve. Then as the piston nears the top of its f ﬁwz
stroke, the exhaust vave opens permitting thevapor atthe  _ — | i e
higher pressure to exit. Reciprocating compressor 1 L3 A\L
capacity isafunction of the bore and stroke of the _jgf '\x X
piston-cylinder configuration as well as the speed of the \ %
machine, and the clearance tolerances. Compressor %Lcm“
capacity is aso related to the compression ratio. Vitve
INTAKE STROKE
The —F‘
" mechar I ——
— design

__// rHI. TT 'fx
— &:J}’& is rugged and reliable but has one significant limitation.
g 1]

|

“},ﬁhﬂ suemau - Reciprocating compressors are designed to handle

vapors, not liquids. When liquid enters the cylinder on the
¥ intake stroke, it tends to damage the valves on the
G T~ peres  COMpression stroke and possibly the compressor itsdlf.

Lo Thisiswhy chillersincorporate liquid-to-suction heat

it ,,5 ———f exchangers, which assure some level of vapor superhegt a
the compressor suction. Capacity is controlled by multiple
staging of smaler compressors or in large multiple cylinder
reci procating compressors by unloading banks of cylinders on the compressor. This tends to make the machine
mogt efficient at full load. Therefore, for maximum efficiency recips should generdly be operated &t full load.
Thisisthe reason small compressors are cycled on and off in most residential and smal commercia

SucTioN
Gas
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Reciprocating Compressors - Power
Requirements

Due to better valve designs and configurations that reduce pressure losses, power requirements for
reciprocating chillers have been improving over the years. Overadl mechanica and compresson efficiencies
vary with the compression ratio, but are generaly in the 72 to 78% range including the hermetic-type
refrigerant-cooled 1,750 rpm motor. Compression ratio is computed by dividing the absolute discharge
pressure by the suction pressure both measured in psia

At ARI Standard rating conditions (44°F leaving chilled water, 85°F entering condenser water), typicd chillers
operate around 40°F evaporating and 100°F condensing temperatures equivalent to pressures. A modern
reciprocating compressor has an energy efficiency ratio (EER) of about 15, equd to 0.79 KW per ton.
However, in air-cooled conditions the condensing pressureis likely to run up to a 130°F temperature
corresponding to pressure, with EERs ranging from about 10.4 up to 11.3, which equate to 1.15 to 1.06 kW

per ton.

Assembled into chiller packages in the 20 to 200-plus ton capacities, air-cooled units will typicaly have EERs
ranging from 9.0 to 10.9, equal to 1.33 to 1.10 kW per ton with an average of about 1.22 kW per ton. Similar
water-cooled chiller packages will have EERs ranging from 13.1 to as high as 15.8, which equatesto 0.92 to
0.76 kW per ton with an average of about 0.82 kW per ton.

Manufacturers continue to develop more efficient models. In some cases, scroll compressors are being used, in
place of reciprocating.
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Reciprocating Compressors - First
Cost

While they are the least efficient of the chiller package options, reciprocating or scroll compressor chillers have
adefinite first cost advantage in the smaller chiller szes. The first cost of reciprocating chiller packagesisthe
lowest of the various eectric chiller options, certainly when expressed in $ per ton. The compressors are
competitively priced Snce they are used in many different chiller models. Plus, many more reciprocating chillers
are produced than larger centrifugal and screw type chillers. These economies of scde result in alower unit
cost, especially for modes up to about 200 tons.

And Furthermore . ..

Compare - Indtalled Costs - Chillers
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Reciprocating Compressors -
Operating Costs

Operating costs will depend on dectric rates. Reciprocating chiller packages typicaly have the highest
operating costs of any of the various eectric chiller options when expressed as a kW per ton figure a ARI
sandard conditions. Air-cooled chillerstypically have afull-load design kW per ton even higher than
water-cooled units. However, the operating profile of the facility will have amgor effect on actud operating
costs.

For example, an air-cooled chiller serving a hospita operating room suite that operates year-round could well
have alower annud dectric cost than a comparable water-cooled unit, due to the large number of operating
hours the unit will be operating at part-load and low-ambient temperature conditions. Only a careful energy use
andyds of each gpplication performed by a qudified professond can identify the most economica equipment
choice.

Maintenance costs must aso be factored in. Here are some typica mid-1995 $ per ton annua values.

Chiller 20 50 75 100 | 150 | 200

Type Tons | Tons | Tons | Tons | Tons | Tons

Water
Cooled $79 | $67 | $58 | $51 | $40 | $36

Air - :
Cooled $70 | $59 | s45 542 $35 | $31

If the chiller is driven by anatural gas engine, the added maintenance cogts of the engine must aso be included.
Typicdly this amounts to about $0.012 per ton per oper ating hour.

And Furthermore . ..

Compare - Operating and Maintenance Costs - Chillers
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Reciprocating Compressors -
Emissions

Reciprocating chiller emissonsfal into two mgor categories: direct (or on-site), and indirect (or emissons
resulting from the production of the energy used to operate the equipment).

Direct on-dte emissons are confined to the release of refrigerant due to lesks or servicing. Federa law now
mandates no intentiond release. It is the respongbility of the user and service agency to minimize lesks and
sarvice reease. Good preventive maintenance practices are imperative. Other factors affecting emissons
include chiller age, application (whether it's a Single package or split system), compressor type (open
compressors with shaft sedls tend to lesk more than hermetic designs).

A typicd semi-hermetic type chiller might lose about 3 to 5 percent of its charge annudly. With the refrigerant
charge running about 3 pounds per ton, the emisson of refrigerant might tota about 0.12 pounds per ton per
year. An open chiller might lose 5 to 7 percent, and thus emit about 0.18 pounds per ton-year. To dlow for
lessthan idedl conditions, a conservative estimate of emissons might be 0.25 pounds per ton-year.

Natural Gas engine-driven reciprocating chillers must use open-type compressors. In addition to the same
refrigerant emissons as an dectric chiller, they aso produce emissons from the combustion of the naturd gas.
Also, the leekage of naturd gasinto the aimosphere dthough smdl, is believed to contribute comparable
greenhouse gases as refrigerant leakage.

These emissons can be estimated, based on the annua gas consumption. Typica gas engine driven chillersuse
about 9,300 Btu per ton-hour of natural gas (on aHHV bass). Using the annuad ton-hours of cooling, the
emissions of CO2 and the criteria gases can be estimated using these relative values of pounds per million Btu
of fud burned. The emissons of dl gases other than NOXx are relatively congtant throughout the loading
range. NOx emissons will vary consderably, depending on the annud load profile.

O - site Emissions in pounds per million Btu of Natural Gas burned

CO2 co NOx SOx VOO Particulates®
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Particulates are 10 microns or less. Volatile organic compounds (VOC) includes hydrocarbons (HC).
While so-called "lean-burn engines' emit lessNOX than conventiona engines at full load, they emit more a
part load conditions. Since chillers operate largely at part load, the added expense of alean-burn engineis
usudly not judtifiable.

Indirect emissons occur at the power plants generating the eectricity used to power chillers. Remember that
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comparing different chillers (for example, dectric versus gas) must include the effect of the chiller and system
auxiliary energy consumption - not just the chiller's power use. These emissons can be estimated from the
annud power consumption in kWh and the local eectric utility's emisson data

Mog utilities know their typica emissions of the various gases and particulates on a"per KWh" bags.
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Heat Pumps

@ Heat Pumps - Description

@ Heat Pumps - Unitary Heat Pumps

@ Heat Pump Water Heaters

@ Heat Pump Pool Heaters

@ Packaged Termina Heat Pumps (PTHP)

@ Closed Water-L oop Heat Pump

@ Ground Water-Source Heat Pump

& Heat Pumps - Open Loop Systems

@ Ground Source Closed-L oop Heat Pumps
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Heat Pumps - Description

A hest pump is adevice that extracts heet from
asource and trandfersit at a higher temperature. COOLING o
While dl mechanical cooling systems are MODE Hufc/mn HEAT r’. b
technicaly heat pumps, in HYAC terms, "hest Mmpﬁmﬁ O |cooLen
pump" is reserved for equipment that can heat { R

for beneficid purposes, rather than equipment

that Only removes hest for coollng Dud mode YWATER LOOP
hesat pumps can provide either hesting or
cooling, while hegt-reclam hesat pumps provide
heating.

| i )
| CON-  REVERSING EWAFDRATOR
DENSER waLvE

HEATING | | | erucres wer
An applied heat pump requires competent MODE ﬂ'é: g
engineering for the specific application as
opposed to the use of a manufacturer-designed

unitary hest pump. The distinction between WATER: LOOPIIE Lot S

. . | Evapr- REVERSING
some models and applications can be rather LY crior vaLve  Cowpewsem
fuzzy.

Heat pumps provide an important amplification of temperature that Smple heat exchangers can not do. For
example, efficient heat exchangers can preheeat water or air up to 2 to 5°F of the temperature of the hest
source - but never as hot or hotter than the waste heat source. If ahigher temperature is required, then a heat
pump or a combination of heat exchanger and heat pump must be used.

Most heat pumps used in HVAC gpplications today use a vapor compression cycle, smilar to that used ina
household refrigerator or home air conditioner and use an ectric motor driven compressor, a condenser and
an evaporator. Dua mode heat pumps include some form of cycle reversa where heating and cooling effects
can be switched. Compressors can vary from smdl hermeticaly seded unitsto large centrifugal machines,
Industrial processes can be served by either this closed-vapor compression cycle, or by an open or
mechanica vapor recompression or MVR cycle. Typica waste heat sourcesinclude outdoor or exhaust air,
condenser or cooling tower water, well or other ground or surface water and heat regjected from industria
processes. The sdlection of the source depends on severd variables such as suitability, availability, cost, and
temperature. Where the source availability and the useful heat needs are not coincidenta, therma storage on
elther the hot or cold side should be considered.
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Heat Pumps - Unitary Heat Pumps

Unitary heat pumps are factory-packaged refrigerant-based heat pumps that are available in a number of
application categories which include:

* Packaged terminal heat pumps (PTHP)

Closed water loop heat pump systems

Ground source closed-loop heat pumps

Ground water-source heat pumps

Large unitary air- and water-source hest pumps

In each category there are severa possible configurations, including:
Single package, with dl componentsin asingle enclosure

Roof-top packages - a variation on the single package

Split units, with remote outdoor cail, fan, and/or compressor

Air and water-source heat pumps

Hesting only hest pumps

Package units and the indoor sections of split units are available in severd configurations:
* Veticd for closet ingalations,

* Consolefor ingdlation under windows, and

* Horizontd for celling or outdoor locetions.

Some modd's have decorative casngs. Others can be built-in. With the exception of large unitary heat pumps,
the units are designed for free-air ddivery or with short duct connections between the unit and the conditioned
space.

Most heat pump manufacturers participate in the Air-Conditioning and Refrigeration Inditute (ARI)
Certification Program. Product performance (below 135,000 Btuh sizes) islisted in the ARI Directory of
Certified Products. This alows a performance comparison of various modes from various manufacturers.

Sizes range from |/2-ton package termind heat pumps up to rooftop units of 30-tons or more. Many are
provided with supplementd eectric heatersto satisfy the load when the outdoor temperatures drop below the
st point. Gas fired supplementa hest is aso available in alimited range of equipment. Most heat pumps are
s0ld and ingtdled by locd air conditioning contractors, who aso provide routine service and repair. Depending
on the nature of the gpplication, this availability of fast service can be very important in equipment sdection.

Select from these areas of interest. . .

Advantages of Unitary Heat Pumps
Advantages of Water-L oop Heat Pumps
Disadvantages of Water-L oop Heat Pumps
Unitary Air and Water Heat Pumps
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Advantages of Unitary Heat Pumps

1. They provide individud temperature control in smal occupied zones during nights and weekends without the
need for alarge centrd plant chiller or boiler and their associated pumps, and

2. The heat pump's consumption of electricity can be separately metered.
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Advantages of Water-loop Heat
Pumps
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1. They don't require wall openings to reject heat from air-cooled condensers,
2. They aren't exposed to the weather and therefore tend to have alonger service life,

3. If aunit fails, the entire system doesn't shut down, however, failure of aloop pump, heet reection device or
secondary heater can affect the entire system.
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Disadvantages of Water-Loop Heat
Pumps
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1. Imprecise temperature and humidity control,

2. In-room or in-gpace maintenance including frequent filter replacement,
3. Water loop systems require regular loop maintenance, and

4. These systems require pace for pumps heat exchangers and boilers (if a boiler isrequired).
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Unitary Air and Water Heat Pumps

Unitary air and water source heat pumps are available as larger capacity commercid sdlf-contained units which
serve large zones using ducts for ar distribution. Air-source units must be located dong outsde wals or on the
roof. They tend to have higher operating costs than centra plants or water-source heat pumps.

* Water-source units can be located anywhere but require ventilation air ducts. They are usudly
connected to a cooling tower circuit for hegt rejection when they arein the cooling mode, and to a
centra hot-water heater or strip heater when heating is required. Advantages include low first cost and
the availability of optiona accessories (variable air volume control, economizer cycle, night setback and
morning warm-up).

¢ Large system heat pump gpplications are often gpplied in, buildings using two- or four-pipe water
digtribution systems, or in industria applications. Many large buildings require cooling the year-round
dueto large internd loads from lighting, €ectronic and other business equipment. Only the perimeter
zones of these structures ever need hesting. The warm condenser weater from the water chillers serving
this cooling load can be used as a heat source. The water-to-water heat pump is piped in a cascade
system, using this waste hest to preheat domestic hot water or provide hot water to satisfy building
gpace or reheat loads. Units are available to heat water from 105°F to 120°F, or even higher if needed.
The lower the hot water temperature required, the lower the energy consumption.

In some cases, the units are combined into a Single heet recovery chiller with a double-bundle condenser. The
house water condenser serves the hot water loop for the building. When the waste heat exceeds the heat
requirement, the excess hedt is rejected in the second tower water condenser. Therma storage can aso be
integrated into this system. Other options include integration with closed |oop water-to-air heat pumps, or
secondary heat recovery from water loop heat pump systems.

e Air-to-water heat pumps performin asmilar manner but typicaly use warm exhaust ar as the hest
source. They are often referred to as heat pump water heaters and are used in hotels, restaurants,
laundries and other gpplications needing alot of hot water.

Many industria processes have low-level waste heat that must be rejected. Factory-packaged, closed-cycle
refrigerant-based heat pumps are available to heat water to 120°F or warmer. Using waste hest for this
purpose off-loads cooling towers or evaporative condensers while reducing boiler fue consumption and the
corresponding products of combustion.
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Heat Pump Water Heaters

Heat pump water heeters for smal commercid gpplications are usudly air to water units without refrigerant
reversal. These are typically easlly indaled packaged units, with or without an integral hot water storage tank.
In most popular gpplications, they provide useful space cooling while smultaneoudy heeting domestic hot
water. Examples include commercid kitchens, photo labs, and coin-operated laundries.

A typicd unit with 75°F entering room air might deliver 105 galons per hour of hot water at 115°F tank
temperature while providing about 2 1/2 tons of useful cooling to the kitchen or laundry room. The hotter the
ar entering the heat pump, the grester the cooling and water heeting capacity. For example, the same unit with
85°F entering air might ddliver 118 galons of hot water per hour and 4 tons of cooling.

This cooling is often ddlivered through air ducts as "spot” cooling in kitchens and laundries, rather than trying to
cool the entire room. Coefficients of Performance are typically over 3.0, which means the heat pump heats the
water 3 times as efficiently as a sandard electric water heater.

One of the heat pump water heater's limitations is thet there are rdatively few suppliers. The availability of
parts and service should also be consdered in the purchase decision.

[|; T
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Heat Pump Pool Heaters

Heat pump pool heeters can solve two problems common to indoor swvimming pool applications. The unit can
provide the facility with economically heated pool water and reduce the pool area humidity, which not only
increases the comfort of the patrons but hel ps reduce mildew and the maintenance problems and costs
associated with excess moigture in the air. Warm, humid air fogs windows, causes dripping cellings, peels paint
and rugs metd. All these things increase operating costs. The humidity problem has typicaly been solved by
exhauding the moisture-laden air with large fans and replacing it with drier outsde air. In the winter, the cost of
heating this air can be exorbitant. The heat pump reduces the need for winter outdoor air. For winter use, an
ar-to-ar hest recovery unit - such as ahest pipe - is aso recommended.

Heat Pipe-Assisted System

T .
Heail Pipe I

I
I
|

| f | Return Air
e e e e o e e e S S S — — |
Fresh Air

Heet pump pool heaters typicaly operate in two modes - summer and winter. During the summer, the unit
provides cooling and dehumidification dong with hot water. An economy cycle is suggested for nights and
early morning, where outdoor air is circulated and exhausted.

Coefficients of Performance assuming 75°F air enters the heat pump and a 80°F pool water temperature
typicaly run about 3.4, which means the heat pump hests the water 3.4 times more efficiently than a traditiond
electric water hegter.
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Conventional System

During the Spring and Fal, the combined functions of the heat pump and air-to-air recovery will usualy satisfy
the structuré's water hesting, space hesting and cooling, ventilation and dehumidification needs. During the
winter, the cycle can be set either for al water heating or both water and air hesting. The heat pump will
usudly provide dl the water heating and up to 60 percent of the space hesting.

Heat pumps are sized primarily on the basis of pool surface area for outdoor swimming pools. A pool cover is
usually agood investment since it reduces pool evaporation. Outdoor spas are sized according to the number
of gdlons of water; again a cover isrecommended. A 5 horsepower heat pump can heat an 1100 square foot
covered pool or a600 to 800 square foot pool that is not covered. The same unit can heat a 1400 gallon tank
to 104°F.

One potentid limitation is thet there are rdatively few equipment suppliers. Also consder the availability of
parts and service in the purchase decison. Due to the corrosion elements present, such as chlorine, these heat
pumps should be designed specificaly for pool operation by a supplier with a good reputation, and not be just
an adaptation of a unitary heat pump.
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Heat Pump Dehumidification System
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Packaged Terminal Heat Pumps
(PTHP)

Packaged termind heat pumps (PTHP) are very much like a high quality version of the window-mounted air
conditioner with the heat pump accessories added. These models are often caled “through the-wall” units since
they are usudly ingtdled in a deave passing through the outdoor building wall. PTHPs are completely sdif
contained, requiring only a permanent electrica connection. They use the outdoor ar as the heet sourcein
winter and as aheat sink in summer. They dso can provide ventilation air. Individua control istypicd with
auxiliary electric resstance strip heat and centra control features as added-cost, Site-specific options.

Hexibility and lower ingalled cost are the primary advantages of the PTHP. Disadvantages include in-room

maintenance, higher operating cog, relatively short life, imprecise "on-off" temperature control, and they can be
rather noisy.

Outdoor Louver

Cabinet and
Wall Box —_

Fromt Panal
Part of the Cabinat
and Wall Box
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Closed Water-Loop Heat Pump
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Closed water loop heat pump systems are some times referred to as the Cdifornia heat pump system, because
conventiona wisdom says the concept originated in that state. Today it iswidely applied, usng reversble
water-to-air heat pumps connected to a closed water loop that circulates 60 to 90°F water throughout the
building. Use of this un-insulated water loop permits hest to be transferred to where it is needed. Hest is only
rejected or added to the building when the interna hegt isinsufficient to satisfy the load. Another design
integrates the sprinkler and loop water piping to reduce cost.

Closed loop systems provide individua room or zone control. They are dso flexible to ingdl and lend

themsdves to therma energy storage. Indtaled cogts are lower than centrd chilled water systems but higher
than PTHPs.
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Ground Water-Source Heat Pump

Ground water-source heat pump systems
take advantage of the fact that the
temperature of the earth near the surface
isaround 55°F year-round. Water from
an aquifer istypicdly inthisrange. In
some locations, it is congderably higher.
This water tends to be a better source of
heet for the heat pump than outdoor air.
These systems can dso use surface water
(such aslakes, rivers, ponds, and so on).
In these cases, ground or surface water is
circulated directly through the unit or
through amain heat exchanger. Closed - Loop Surface Water Heat Pump System
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Heat Pumps - Open Loop Systems

In open loop systems, the water is taken from an aquifer or other
source, circulated and then discharged to another well or stream. The
main disadvantages of this type of system are associated with water
quaity and corroson, and the regulations regarding water use. The
advantages include individual room or zone control and flexibility in
ingalation. Ingtalled costs are lower than centrd chilled water systems
but higher than with closed loop heat pumps, or air-to-air systems,
largely due to the cost of the ground-water source.

GROUNDWATER HEAT PUMP SYSTEM
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Ground Source Closed-Loop Heat
Pumps
Ground source closed-loop heat pumps use the same concept as the ground

source units - the temperature of the earth near the surface istypically around - 7_\_,
55°F. The difference is no water is taken from the ground or digposed of. The =] |

water is circulated to the individua heat pumps and the returned to a ground loop
to be cooled or warmed.
When more units are hegting than cooling the circulating water temperature drops

and iswarmed back up by the earth. Conversdy, when more units are cooling

than heating, the circulating water is cooled down by the earth.

The heat is transferred by either horizontal pipe coils buried in the ground or I L] Pre et
down-hole heat exchangers. The down-hole system is used when surface arealis
limited since horizontd or even spird coils can take up alot of room and run up excavation codts.
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Low Temp Air

Low temperature primary air systems provide 42°F to 48°F supply air for comfort cooling. The principa
advantages of thisar ddivery option over conventiond systems include lower first cogt, lower eectrica
demand and reduced operating costs.

The smdler fans and ductwork diameters required for low temperature air systems not only reduce equipment
costs, but aso offer the potentia for architectural savings, since less floor-to-floor height is needed. And
because the fans and pumps used require less horsepower, the system consumes less energy than many
traditiond types of ar ddivery.

Low temperature supply ar aso improves comfort levels by reducing the relative humidity in the occupied
gpace. Thisreduction in humidity often results in a perceived improvement in indoor ar qudity. In addition,
occupants tend to desire warmer space temperatures which can lead to additiona energy savings. Typica
room conditions for alow temperature primary air system are 78°F with ardative humidity of 35to 45
percent.

And Furthermore . ..

Low Temp Air - Application Considerations
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Low Temp Air - Application
Considerations

Proper care must be taken to ensure that condensate does not develop on the ductwork or termina units.
Sdection of ar diffusersis of particular importance to ensure adequate distribution at lower airflow volumes.
And, particular care must be taken to assure required air changes for adequate ventilation (i.e., outsde air a

modulated conditions), as wdll asfor smoke pressurization srategies.
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Thermal Storage

Thermd storage is amethod of producing thermal energy when it is not needed (or is less expensive to
produce) so it will be available when it is needed (or is more expensive to produce). Chilled weter, ice
harvesters, ice-on-pipe and glycol systems are dl used for trangporting heat and storing cooling effect.

Select from these areas of interest . . .
Chilled Water

|ce-On-Pipe
|ce Harvesters

Glycal Sysems
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Thermal Storage - Chilled Water
STORAGE COST
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A chilled water thermd storage system uses the sensible heet in abody of water to store BTUs. Simply put,
water passing through a chilled water coil warms as it absorbs BTUs from and subsequently cools the
surrounding air. Given its specific heat of 1 Btw/lb F, about 10 cu ft of water are required to absorb 12,000
BTUs and provide 1 ton-hour of cooling if the coil successfully raises the water temperature by 20°F.

By contrast, the same ton-hour of cooling can be provided with just 1.5 cu ft of ice, Snce each pound of ice
absorbs 144 BTUs as it mdlts. Therefore, atherma storage system that uses chilled water rather than ice will
require 6 to 7 times more ingtdled storage volume.

This graph plots the cost of therma storage components as a function of the ton-hours of cooling stored. The
Szable cost pendty imposed by the significantly larger storage tank volume required for chilled water is reedily
gpparent in a cost-line comparison with ice sorage. Keep in mind, however, that the cost of the water storage
tank isafunction of its surface area, while the capacity of the tank isafunction of its volume. Therefore, asa
system requires very large chilled water storage tanks, the per-ton-hour cost of the storage tank actudly
decreases. Consequently, it appears that chilled water may be competitive with ice in gpplications that require
more than 10,000 ton-hours of thermal storage.

@ 7

System Pumping
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A chilled water storage system isredly just asmple variaion of a decoupled chiller sysem. Since the same
fluid water is used to both store and transfer heet, very few accessories must be added to the system. This
gives chilled water Sorage its principle advantage: It's easy to put in place.

As shown in this schematic, a decoupled system separates the production and distribution of chilled water. The
baance of flow between the congtant volume production of chilled water and its varigble volume distribution is
handled with a bypass pipe commonly caled a"decoupler.” The decoupler bypasses surplus chilled water
when production exceeds distribution and borrows return water when distribution exceeds supply. In effect,
the decoupler pipeitsdf can serve as a chilled water storage tank if its volumeis large enough.

Select from these areas of interest. ..

Series Storage Tanks
Pardld Storage Tanks
Stratified Storage Tanks
Pros and Cons
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Thermal Storage - Chilled Water -
Series Storage Tanks

SERIES TANK

i SUPPLY

The smplest form of chilled water storage places one or more tanks in series in the decoupler line. Thisis
shown in this single baffled tank. Now, when the chillers produce more chilled water than the system requires,
the excessis diverted to the series tank where it displaces the warmer water there. Likewise, when chilled
water demand exceeds the quantity produced, chilled water is drawn from the storage tank by displacing it
with warm return water.

A number of chilled water storage systems with designs smilar to this have been ingtaled and have proven to
be fairly effective in reducing on-pesak dectrica demand. However, series tank design can cause the water to
dratify or become stagnant. Stagnation is the tendency of water to shortcut its way through the tank, and
renders large volumes of the tank ineffective for Btu storage. Furthermore, intercompartmental mixing raises the
tank's leaving water temperature asit empties. This reduces tank effectiveness during itsfina hours of
discharge.
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Thermal Storage - Chilled Water -

Stratified Storage Tanks

Most chilled water Storage systemsingtalled STRA|F|ED TANK

today are based on designs that exploit the

tendency of warm and cold water to stratify. WARM
That is, cold water can be added to or drawn ”
from the bottom of the tank, while warm water
IS returned to or drawn from the top. A
boundary layer or thermocline, 9 to 15 inches
in height, is established between these zones.
Specidly engineered diffusers or any array of
nozzles assure laminar flow within the tank.
This laminar flow is necessary to promote
dratification Since the repective dengties of
the 60°F return water and 40 to 42°F supply water are amost identical.
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Thermal Storage - Chilled Water -
Pros and Cons

Chilled water thermd storage systems offer a number of atractive benefits. Because of the decreasing unit cost
of the tanks, chilled water storage can be economicaly attractive in larger systems. These sysems aso dlow
the chiller to operate at peak efficiency during the storage cycle. And, since the storage medium chilled isthe
same fluid that is cooled in the chiller and warmed in the cooling coil, few accessories are required. Note as
well, that storing alarge volume of water on site can be avaduable asst for firelife safety systems. In fact,
some systemn designs use sprinkler system water in their design.

Of course, the disadvantages of chilled water sorage - most of which relate to the tank - must dso be
recognized. The storage tank's design, weight, location and space requirements can pose some unusua
problems...dong with tank leakage. In addition, storage tank costs can vary sgnificantly because the tank is
constructed on site. And, don't forget water trestment cost. The water stored is used in the chilled water
system aswell.

CHILLED WATER STORAGE COSTS
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Perhaps the mogt sgnificant problem with chilled water as a gorage medium isinherent to the chilled water
system itsdlf. To be effective, chilled water Sorage systems must raise the return water temperature to
relatively high vaues. If the chilled water distribution system cannot achieve this, the Btu storage capacity of the
tank is severely impaired. Continua monitoring and disciplined maintenance of the chilled water vaves and
controllers are required to assure that chilled water dways returns to the tank at the warmest possible
temperature.

The chilled water thermd storage system's ingtdled cost curve shows the significance of storage tank expense.

While somewhat prohibitive for most gpplications under 10,000 ton-hours, the decreasing unit cost of chilled
water sorage systems can be very attractive for large centrd plants and indudtrid ingtdlations.
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Modular Tanks vs. Encapsulated Ice

Storage
MODULAR ICE STORAGE TANKS
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Glycal ice storage systems are available from dl mgor chiller manufacturers. Though they're smilar in concept,
they may be packaged differently. Based on these ditinctions, today's glycol ice Storage systems can be
divided into two mgor categories: modular ice storage tanks and encapsulated ice storage.

Modular ice storage tanks can be congtructed in dmost any size or shape. Two popular designs are currently
avalable: one combines cylindrica polyethylene tanks with circular polyethylene heat exchangers, while the
other uses rectangular metal tanks and polypropylene heat exchangers. In both modular ice Storage designs,
the heat exchanger separates the glycol solution from the water, contained in the tank. The water is frozen by
circulating 20 to 24°F glycol through the heat exchanger. The differences in tank geometry and heat exchanger
design pose different problems for the design engineer. For example, the circular design of circular ice Sorage
tanks alows heat exchangers with fewer circuits of longer length - and permits freezing or melting a lower flow
rates and higher temperature differentials. Low-gpm freeze cycles enable the designer to better match the
capacities of the storage tanks and chiller.

Rectangular tank designs, on the other hand, incorporate high-gpm, low-pressure-drop, heat exchangers that
produce alower temperature differential during freezing. These characteristics not only place additiond design
condraints on chiller selection, but require individua flow baancing for each storage tank.

Both modular ice storage tank designs share the advantage of pre-engineering and factory manufacture. The

factory desgn and agency testing this implies assures the design engineer of rdiable ice Sorage tank
performance. Piping two or more modular tanksin paralle will provide needed capacity.
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The other class of glycol systems, encapsulated ice, offers the system designer an even grester degree of
latitude in the design of the ice containment vessdl. Various congtruction materials and geometries that will
conform to available space and building architecture can be exploited.

Encapsulated ice designs store the water to be frozen in a number of plastic containers. These containers may
be flat and rectangular (shaped somewhat like a giant hot water bottle), sphericd, or annular (“"doughnut”
shaped). The number of containers or units required for an application depends on their individud storage
capacity. For example, one ton-hour of storage can be provided with gpproximately 20 of theice trays or by
70 of the four-inch diameter spheres, caled "ice bdls'. Other internationally manufactured designs are dso
avalable.

Perhaps the greatest advantage of thistype of glycol system isthe degree of gpplication flexibility it affords the
system designer. By sdlecting and designing a specifically adapted containment vessdl, the storage system can
go above grade or below ground.

Although glycol ice storage systems presently enjoy a great ded of market popularity because of their

smplicity and low ingtaled cog, the system designer can choose from awide variety of therma storage
technologies and equipment.
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Thermal Storage - Ice-On-Pipe
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Ice on pipe therma storage designs produce ice by pumping very cold liquid refrigerant (usualy HCFC-22 in
commercid gpplications or anmoniain indudtrid refrigeration applications) through on array of pipesimmersed
in atank of water.

Technicaly, ice-on-pipe therma storage is process refrigeration. System components - i.e., the compressor
and condenser(s), high and low-pressure receivers, refrigerant pumps, evaporators and ice tanks - are
individualy selected for the gpplication, but must perform together in areigble refrigeration system. The
designer has wide latitude in component selection and may customize the system with a variety of accessories.
Of course, this means the designer must assume totd respongbility for system performance and religbility!

ICE-ON-PIPE SYSTEM

FPrRocESS REFRIGERATION

FROM
HIGH PRESSURE
RECEIVER

Unlike direct expanson systems, which rely on additiona hest transfer surface areato separate refrigerant
vapor from liquid refrigerant, ice-on-pipe systems use alow-pressure recelver and a method called liquid
overfeed to accomplish this.
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A liquid overfeed system works like this. Chilled water and/or iceis produced by pumping cold liquid
refrigerant to a chiller evaporator or an icetank at arate 1.3 to 1.6 times fagter than it can be evaporated
there. What results is a "two-phasg’ solution of refrigerant liquid and vapor that is returned to the low-pressure
receiver. This 30-60% higher refrigerant flow iswhy the system gets the name liquid overfeed.

The refrigerant returned to the low-pressure receiver is quite saturated, so no additional evaporator heat
trandfer surfaceislogt in the task of performing superheet. Refrigerant liquid that does not "bail off" in the
evaporator is sent back for a second pass.

Notice that the open or "amaospheric”’ design of an ice-on-pipe system dictates the use of a heat exchanger to
separateice water from the building cooling water loop. (The cooling loop is normally a closed system).

Here, on the high-pressure sde of the system, the cold refrigerant vapor that collects at the top of the
low-pressure receiver is drawn off by the compressor. From the compressor, the pressurized (and now hot)
vapor is sent to the condenser, where cooling tower water circulating through the shell causes the refrigerant to
condense. Theliquid refrigerant, still under high pressure, leaves the condenser and passes to a high-pressure
receiver whereit is stored for later use. Refrigerant flow from the high-pressure receiver isregulated by a
refrigerant metering device to assure that aminimum liquid level is maintained in the low-pressure receiver.

Theice produced by an ice-on-pipe system forms on the exterior surfaces of an "ice coil.” Thiscail isactudly
aseries of sed pipesimmersed in atank of water. Cold refrigerant (usuadly HCFC-22) is then pumped
through these pipes to freeze the water that surrounds them.

The bubbles around the sted pipes agitate the water in the tank - sometimes by injecting air at the bottom -
which isimportant. The risng ar bubbles promote dense, even ice formation during the freezing cycle and
uniform melting when the tank is discharged.

As suggested earlier, the low-pressure receiver playsacritica role in liquid overfeed ice-on-pipe systems: it
separates the two-phase refrigerant solution returning from the ice coil (or chiller evaporator) into liquid and
vapor. Gravity induces this separation, causing the liquid refrigerant and oil to sttle to the bottom of the
receiver while pure refrigerant vapor collects at the top. As the compressor draws this vapor from the receiver,
theliquid levd fdls To assure thet there is dways sufficient liquid in this vessd, aliquid level control adds
refrigerant from the high-pressure receiver as needed.

While only hinted at here, liquid overfeed systlems require a separate oil return/recovery system. Thisis
because the preferred compressor type - helical rotary/screw - expes sgnificant amounts of oil into the
discharge line. Entrained in the refrigerant, the oil makes its way through the condenser and high pressure
receiver, eventualy ending up in the low-pressure recelver. There, the oil collects at the bottom of the tank
(aong with the liquid refrigerant) and cannot return to the compressor through the suction line. A separate ol
recovery system is needed to capture, ditill and return the oil to the compressor. This must be carefully
addressed in the system design.
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The complexity of the liquid overfeed ice-on-pipe system trandates into sgnificant fixed coststhat are
independent of the quantity of ice produced and stored. The refrigerant and ail inventory control systems,

refrigerant pumps and other system accessories plusthe fied labor required to ingtdl them condtitute a Szable
investmen.

Depending on the system's Size, the tank can be elther premanufactured to include both the ice coil and tank,
or fidld-assembled by ingdling the ice coil in afield-erected concrete tank. While this makes the per-ton-hour
cogt of the tank attractive, it only partialy offsets the combined cost of field labor and accessories, even when
the lower compressor cost is conddered. The high costs of engineering and ingtdling liquid overfeed
ice-on-pipe systemstypicaly limit their useto larger gpplications.

And Furthermore . ..

Thermal Storage - |ce-On-Pipe Pros and Cons
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Thermal Storage - Ice Harvesters
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|ce harvesters circumvent the problems associated with liquid overfeed ice-on-pipe systems by combining al
of the components and accessories required for ice production in a single manufactured package. This piece of
equipment, called an ice harvester, isingtalled above an open tank that stores a combination of water and
flakes of ice.

To produce ice, 32°F water is drawn from the storage tank and delivered to theice harvester by a
recirculation pump at aflow rate of 8 to 12 galons per minute per ton of ice-producing capacity. Once inside
the ice harvester, the recirculated water flows into adrain pan positioned over a series of refrigerated plates.
Each of these platesis constructed of two stainless sted sheets welded together at their circumference. A
refrigeration system integra to the ice harvester maintains the plates at a temperature of 15 to 20°F.

Asthe water leavesthe drain pan, it flows fredy over both sdes of the refrigerated plates where it freezesto a
thickness of 1/8 to 3/8 inch. On reaching a given thickness - or at theinitiation of atime clock - theiceis
didodged from the plates by ahot gas defrost cycle, and falsinto the tank below. When cooling isrequired, a
transfer pump draws ice water from the storage tank and ddliversit to a building heat exchanger.

It is possble to use theice harvester as awater chiller by raising the suction temperature of the refrigeration
system and pumping warm water from the building heat exchanger over the refrigerated plates. In fact,
operating at this higher suction temperature improves the ice harvester's efficiency. Unfortunately, the ice
harvester cannot produce chilled water without destroying ice stored in the storage tank. This inability to
operate as atrue water chiller in achilled water system poses a Sgnificant efficiency penaty on ice Sorage
sysems with ice harvesters. To get around this inefficiency, ice harvesters are commonly used in tandem with
conventiond water chillers.

Select from these areas of interest . . .

Ice Harvesters - Cost
|ce Harvesters - Advantages
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Ice Harvesters - Disadvantages
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Thermal Storage - Ice-On-Pipe Pros
and Cons

| ce-on-pipe systems offer anumber of benefits over chilled water sorage. The storage volume required is
consderably less, since each ton-hour of cooling stored can occupy aslittle as 3 cu ft. Another advantageis
the ice tank's known therma performance. And, unlike their chilled water counterparts, ice Sorage systems are
successful at any return water temperature.

An effective ice-on-pipe system must overcome severd engineering problems. Foremost amnong theseisthe
system's complexity and the correspondingly high costs that must be incurred for engineering and ingtdlation.
Liquid overfeed ice-on-pipe systems are particularly expensive because they require not only large inventories
of oil and refrigerant, but refrigerant containment equipment as well. Systems of this complexity aso demand
congtant supervison from awel trained staff of operators...this done will tend to confine their gpplication to
large facilities.
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Thermal Storage - Ice Harvesters -
Cost

ICE HARVESTER STORAGE COSTS

ToTaL HET ADD

& TaMks
9 HaRVESTER
0
o +
CONTROLS
Base

CHILLER ACCESSORES

LEss MoRrE
THERMAL STORAGE (TON-HOURS)

A cost line andlysis of ice harvester systemns indicates the increasing costs of both the tank and the harvester as
the quantity of ice stored increases. Given their high dollar-per-ton cogt, ice harvester systems are usualy used
to provide additiona capacity in retrofit applications, or in large ingalations.
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Thermal Storage - Ice Harvesters -
Advantages

|ce harvesters present the system designer with anumber of benefits. Like al ice storage systems, the space
requirement and cost of the volume stored are less than for chilled water. In addition, the ice harvester isa
packaged piece of equipment; this not only smplifies ingtdlation and controlsingdled cogt, but suggests the
availability of factory-tested performance.
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Thermal Storage - Ice Harvesters -
Disadvantages

Of course, ice harvesters are not without limitations - particularly since the harvester and tank are open to the
atmogphere. For example, the plates and chasss of the ice harvester are normally congtructed of stainless sted,
amateria that adds sgnificantly to the ice harvester's dready high cost. Water treatment is dso necessary
because of the open nature of the tank and drain pan. The complexities of evenly distributing theice in the bin
and prevention of piling and bridging add to the cost and operation of this system. Findly, the ice harvester's
inability to produce chilled water without depleting the ice in the storage tank may be an economic deterrent.
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Thermal Storage - Glycol Systems -
Cost

Glycal ice storage systems enjoy alow ingtaled cost since the same packaged chiller that provides space
cooling aso doubles as the "ice maker." The storage tanks themselves are the only significant cost burden of
these systems. In fact, glycol ice storage systems may yield reduced chiller costs.
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Thermal Storage - Glycol Systems -
Advantages

Glycol ice storage systems present the system designer with numerous benefits. Firg is the ability to usea
standard packaged chiller. They offer an opportunity to reduce pump horsepower, and they require few
accessories.

The choice of either modular storage tanks or encgpsulated ice systems not only offer gpplication flexibility, but
cods and reliable performance as well. Simple control schemes can be used, and like al ice storage systems -

volume and space requirements per ton-hour of storage are considerably lower than those for chilled water
storage.
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Thermal Storage - Glycol Systems -
Disadvantages

Glycol ice storage systems are not without their problems. The most significant of these is the need to design a
heet trandfer system that uses ethylene (or propylene) glycol rather than weter.
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Cogeneration

@ Cogeneration - Economics

@ Cogeneration - Designs
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Cogeneration - Economics

The easiest way to visudize cogeneration system economicsisto carefully vaue the power and therma
outputs, subtract the costs of system operation, and compare system savings to system cost. Never base the
economics on the average cost of power, heeting, or cooling. Averages can be mideading. Consult both fuel
and power rate schedules from serving utilities to be sure you have factored in al costs.

Thefollowing summary of potentidly mideading assumptions captures the most common errors:

¢ Ovedaed power generation: This combines failure to consder system parasitics and the usualy
mistaken assumption that the system operates a full power dl thetime.

* Ovedaed power vaues. Thisisafalure to condgder the dectric rate schedule specifics, especidly
demand charges, energy charges, standby & backup tariffs, and ratchets.

¢ Overdated thermd credits: This assumes too many hours of annual operation at too high a hest
recovery potentid.

* Overdated thermd vaues: Displacing heat from an inefficient heeting system often produces an
unredidticaly high assumption of savings. Remember thet inefficient heating systems become even less
efficient at lower loads. Therefore, the only way these inefficiencies can be sgnificantly reduced isto
shut down the system.

» Undergtated operating & maintenance codts: This often results from the failure to consider periodic
engine overhaul in the economics. While potentialy unimportant in many cooling system designs
operating just afew thousand hours a year, these engine rebuilds occur every 3-4 yearsin heavy use
gpplications. Good O& M planning numbers for base-loaded cogeneration system designs are
$0.012-3$0.020 per kWh for recip engines, $0.008-$0.012 for gas turbines, and $0.003-$0.004 for
geam turbine designs.

¢ Undergtated system cost: Cogeneration systems are much more costly than engines and hesat recovery
systems. The specific costs of dectricd and thermd interconnection, building space, exhaust stack,
back-up fud supply, and site-specific engineering and permitting al add up. These are best estimated
by professonds. It can be quite dangerous to use simple rules of thumb.

Other common errorsinclude:

* Falureto Consder Alterndives: If cogeneration is economicaly viable, would aless costly system
aternative produce superior economics? For example, where current heating costs are high, would a
new more efficient hesting system be better? Where current cooling cogts are high, would anew high
efficiency chiller be more cost-effective?

* Lure of the Guaranteed Savings Ded: Many cogeneration vendors recognize that the economics of
cogeneration are not good enough for certain applications and offer alease based on "guaranteed
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Cogeneration - Designs

Cogeneration is generdly defined as the coincident production of eectricity and usable therma energy from a
sngle fud or thermd input. For example, awater-cooled engine-generator can produce power and hot water.
Further heet recovery, if economicaly worthwhile, could dso recover exhaust gas energy.

Cooaling system cogeneration designs are most often:

¢ Engine-driven chillers with hegt recovery,
¢ Steam turbine-driven chillersin large cogeneration systems, or
¢ Steam absorption chillers used to condense "waste steam.”

The easiest way to evauate cogenerdtion system dternativesisto start with the Ste's heating loads. The
fallowing rules of thumb are ussful in sdecting the "prime mover:"

¢ Reciprocating engines work best for smal hegting loads (Iess than 2,000 Btu of heat per kW of power
used), or whenever hot water heet recovery is desired.

* Gasturbinesfit Stuations where 5,000 - 10,000 Btu of heat per KW of power is heeded. Thistendsto
be large hospitds, universities, and indudtrid plants.

* Steam turbines: are gppropriate where 20,000+ Btu of heat per KW of power is needed. The best
gpplications are usudly large indudtrid plants.

These prime movers can drive ectric generators, air compressors, process equipment, or chillers. The choice
is based on annud operating hours and the integration of heet and power making the most sense.
Consequently, most cogeneration designs use the prime mover to generate power rather than drive a chiller.
Waste heat from each prime mover can be recovered to displace steam that would have otherwise been
generated in abailer, or can be usad to produce cooling in an absorption chiller.

Select from these areas of interest. . .

Reciprocating Engines
Gas Turbines
Steam Turbines
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Centrifugal Compressors
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Centrifugal Compressors -
Description

Centrifugal compressors use one or more
rotating impeller to increase the refrigerant
vapor pressure from the chiller evaporator
enough to make it condensein the
condenser. Unlike the postive displacement,
reciprocating, scroll or screw compressors,
the centrifugal compressor usesthe
combination of rotationa speed (RPM), and
tip speed to produce this pressure
difference. The refrigerant vapors from the
chiller evgporator are commonly pre-rotated
usng varigbleinlet guide vanes. The
consequent swirling action provides Single Stage Centrifugal
extended part-load capacity and improved Semi-Hermetic Compressor
efficiency. The vapors then enter the

centrifugal compressor aong the axis of rotation.

il R The vapor passageways in the centrifugd
Ratum channel fslis o compressor are bounded by vanes extending
form the compressor hub, which may be
ghrouded for flow-path efficiency. The
combination of rotationa speed and whed

Labyrinth Saal

Imgallar

Inled | i
Guide 'l‘annu/' e I

o s Seaina  iameter combine to creste the tip speed
7 ! Hermetic  NECESSATY tO accelerate the refrigerant vapor to
< T E F the high pressure discharge where they move on

P s W o st B to the chiller condenser. Due to their very high

=&, 5= |y T - ' vapor-flow capacity characteristics, centrifugal
I R F 5 Shaft Seal .

o | i L compressors dominate the 200 ton and larger

S e | T TNAT chiller market, where they are the least costly

T Beering == T s and mogt efficient cooling compressor design.

Centrifugas are most commonly driven by

Two Stage Centrifugal Semi-Hermetic Compressor ' !
electric motors, but can aso be driven by steam

turbines and gas engines.

Depending on the manufacturer's design, centrifugal compressors used in water chiller packages may be 1-,
2-, or 3-stages and use a semi-hermetic motor or an open motor with shaft sedl.
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savings." Savings are quoted as being greater than lease payments. This makes the dedl seem too good
to pass up! But, before signing on the dotted line, ask the same questions you would if you were making
the investment persondly. Many of these deals are merely equipment leases with no red guarantee that
savings will exceed payments, especialy over an extended period of time.
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Centrifugal Compressors -
Performance

Packaged water cooled centrifuga compressors are available in sizes ranging from 85 tons to over 5,000 tons.
Larger szes, typicaly those 1,200 to 1,500 tons and larger are shipped in sub-assemblies. Smaller Szesare
shipped as a factory-assembled package. While some smdler air-cooled centrifugal models are manufactured,
they arelargely exported to the Middle East and other arid areas where water is Smply not available for
HVAC condensing use, even in cooling towers.

The centrifuga compressors mentioned here will be usng HCFC-123, HCFC-22 and HFC-134a. This
usudly calsfor semi-hermetic designs, with single or multi-stage impellers. Two manufacturers (Carrier and
McQuay) offer semi-hermetic gear driven modeds. Trane offers multi-stage direct drive semi-hermetic units.
Y ork offers an integrated open-drive geared design.

Chillers usng anmonia as the refrigerant are not generdly
available with centrifugd compressors. Only open drive screw or
reciprocating compressors are compatible with ammonia, largely
because of its corrosve characteristics and reactions with copper.

The sdlection of Sngle stage, multi-stage, open or hermetic designs
islargely afunction of individud manufacturer preference and the
aoplication. For example, centrifuga compressors are limited in - \

their compression ratio per impeler. Therefore, gpplications caling for high temperature lifts (such aSW|th ice
therma storage) may require multi-stage designs.
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Centrifugal Compressors - Power
Requirements

Power requirements for centrifugd chillers are the lowest of al chiller types currently available, and efficiencies
have been improving even further over the years as aresult of improved impeller designs, better unit
configurations, enhanced heet transfer surfaces, and the increased utility emphasis on reducing energy
requirements.

At ARI gtandard rating conditions centrifugd chiller's performance at full design capacity ranges from 0.53 kW
per ton or lower to 0.68 kW per ton. This performance includes the semi-hermetic refrigerant cooled or open
type compressor motors.

Open drive chiller power requirements are sometimes rated in shaft brake horsepower (bhp). To convert from
bhp to eectric input in kW, the efficiency of the motor must be consdered (which is usudly between 90 and
95 percent for centrifugd machines). For example, arating of 1,000 bhp a 93 % motor efficiency would
trandate to 802 kilowatt input.

(1,000bhp x 0.746 kW/bhp) = 80.2 kW input
93% Motor efficiency
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Centrifugal Compressors - First Cost

Centrifugals chillers 200 tons and larger cost lessto ingtal than reciproceating chillers (available up to the 175 to
200 ton range) and the same or dightly less than screw chillersin mogt dl gzes. Centrifugdls offer the
advantages of high efficiency, infinitely variable cgpacity control (down to about 10 percent of full load), they're
lighter (which reduces floor loadings) and they take up much less space for a given tonnage.

Firgt cost of centrifugd chiller packages generdly start higher than recips under 200 tons, and then cost lessin
the larger Szes. More definitive cogts are shown in the Compare segment.

And Furthermore . ..

Compare - Installed Costs - Chillers
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Scroll Compressors

The scroll compressor uses one stationary and one orbiting scroll to
compress refrigerant gas vapors from the evaporator to the
condenser of the refrigerant path. The upper scrall is stationary and
contains the refrigerant gas discharge port. The lower scroll isdriven
by an ectric motor shaft assembly imparting an eccentric or orbiting
moation to the driven scroll. That is, the rotation of the motor shaft
causes the scroll to orbit - not rotate - about the shaft center.

This orbiting motion gethers refrigerant vapors at the perimeter,
pockets the refrigerant gas, and compresses it as the orbiting
proceeds. The trapped pocket works progressively toward the center
of the stationary scroll and leaves through the discharge port. Study
thistime lapse series carefully to see how the trapped gases are
progressvely compressed as they proceed toward the discharge port.

Scroll compressors are ardatively recent compressor devel opment
and will eventualy replace reciprocating compressors in many cooling
system gpplications, where they often achieve higher efficiency and
better part-load performance and operating characteristics.
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Mechanical Drives
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Mechanical Drives - General Design
Attributes

Chiller compressors can be driven by electric motors, reciprocating engines, gas turbines, or steam turbines.
The selection of dternative drive technologies rests primarily on the issues of first cost and operating cos, as
well as any fud diversity and power rediability criteria. While there are other issues involved in the sdlection
process, including CFC phaseout and other refrigerant-related issues, the selection between the dternatives
just mentioned will probably not be driven by CFCs. In other words, arefrigerant that might be gpplicable for
achiller driven by areciprocating engine would aso work for an dectric motor drive. A discussion of these
criteria can be found dsawhere in this digitd reference library.

While mechanica drives other than eectric motors are dso discussed, the primary dternatives presented will
be reciprocating engines in the 100-500 ton range and steam turbines which are typically much larger. Gas
turbine-driven chillers are seldom serioudy considered for three reasons.

» Thelimited number of gasturbine sizes available

= Their economic reliance on hest recovery and

=« Their relatively poor on-pesak performance during hot wesether.
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Mechanical Drives - Electric Motors

The eectric motor isfar and away the most common chiller compressor drive. Most of these are fixed speed
motors (typicaly 1,800 or 3,600 rpm). Since compressor power reguirements are proportional to the
difference between evaporator and condenser pressures and refrigerant flow requirements, motor loads vary
accordingly. Load variations are handled by cylinder unloading or multiple compressor staging for
reciprocating units, dide vane cagpacity control in screw compressors, and inlet guide vanes (and infrequently
hot gas bypass) for centrifuga compressors.

In cases where the ahility to change compressor speed may offer a better way to modul ate compressor
capacity and/or performance, a variable speed eectric motor should be considered. This approach is seldom
utilized in new chiller ingalations since chiller manufacturers can now build in excdlent modulation control.
Variable speed motors have been more often used in retrofit gpplications. One word of caution: aways consult
the chiller manufacturer for warranty and performance verification before accepting the claims of anyone
wishing to modify an exiding chiller in thisway.
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Mechanical Drives - Steam Turbines
(Back Pressure & Condensing)

Steam turbines, reciprocating engines, and sometimes gas turbines are used to drive chiller compressors. The
most common gpplications are very large (over 1500 tons) steam turbine-driven centrifugal chillersused in
cogeneration gpplications for large hospitals or industrid cooling. In Stuations where eectrica demand charges
are high (say over $25 per kW per month) or where a demand ratchet could make an ectric-driven chiller
too expendve to operate for afew months a year, steam turbine-driven chillers are often specified.
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Why not reciprocating engines or gas turbines? Steam turbines use the existing boiler system so they don't have
to worry about fud supply or air emissons. Since the steam needs of the Site are usudly dictated by the colder
months, the existing steam generating capacity is often more than adequate to support cooling. Plus, the
operating and maintenance characteristics of steam turbine-driven chillers are much better than reciprocating
engines or gas turbine-driven equipment. Finaly, where existing boiler capacity is adequate, Seam
turbine-driven chillers cost less than reciprocating engines or gas turbines.

There are two basic seam turbine designs: back pressure and condensing. These indicate whether team
leaving the turbine goes on into the steam digtribution system to satisfy process or hegting requirements (thisis
"back pressure"), or whether the steam leaving the turbine goes straight to a dedicated steam condenser where
it isrgected viaa cooling tower or river water. Logicaly, condensing steam turbines are more expensve and
less efficient than the back pressure designs.

When site steam requirements are reasonably steady and in excess of the steam flows necessary to drive the
chiller, the back pressure design makes the most sense. Where thisis not true, and power costs would be high
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for an eectric-driven machine, a condenaing steam turbine may be the most cost effective dternative.

In many cases where steam turbines are congdered, rather than gpply them to a chiller operating rlatively
lower hours ayear, the turbine is typicaly used to drive a generator to take maximum advantage of its power
generdting capabilities.
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Sdecting achiller design like this requires careful congderation of site-gpecific conditions. Steam turbine driven
chillers represent a complex design in any Stuation. It iswise to consult with qudified design professonds and
reputable equipment manufacturers before making afina decision.
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Mechanical Drives - Reciprocating
Engines

Schematic of 150-Tan Chiller
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with heat recovery —_
Water in Water out

Reciprocating engines are usudly selected to drive chillersin the smaller range -- 100 to 500 tons. The
compressor (usualy ascrew or centrifugd modd) is usudly directly coupled to the engine drive shaft. Engines
are often consdered where the Site can use the energy in the hot water and/or hot air exhausts produced.
Roughly one-third (or less) of the total fud input is converted to compression power. Therefore, the economics
of reciprocating engine drives usualy depend on the cost-effectiveness of heat recovery. Engine jacket water
(which can reach temperatures as high as 220°F) is easily recovered and aso represents about one-third of the
fud input. The heet in the engine exhaust represents the remaining third of fud input, but this heet is generdly
not fully recoverable.

HEAT RECOVERY
ENCLOSURE

EXHAUST
COMPRESSOR

OIL SEPARATOR

CONDENSER

EVAPORATOR
150 ton Gas Engine Driven Water Chiller

Engine-driven chiller cost effectiveness can best be determined using a cautious, conservative assessment by a
professona that consders these three factors:
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1. Hest recovery that reflects actud ste-specific heating efficiencies and needs,
2. Conservative annud heating requirements, and

3. Redligtic operating and maintenance costs (which are typicdly higher than any other mechanicdly driven
chiller dternative).

Once redligtic heat recovery estimates have been factored into the equation, the only other mgjor issue is that
of O&M expense. Here, the Gas Research Ingtitute uses $0.01 per ton-hour more than an eectric-driven
chiller design. While your costs could be different, afigure of $0.01 to 0.12 per ton per oper ating hour
represents a reasonable first cut estimate. Always rely on quaified design professonas and reputable
equipment manufacturers for installed cost, operating cost, and performance estimates.

Large Engine - Driven Centrifugal Water Chiller
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Mechanical Drives - Gas Turbine

Designs

Gas turbines are seldom sdlected to drive
chiller compressors because the
efficiency of the cogeneration system
using agasturbine relies heavily on
recovering the engine's waste heat. Most
stessmply don't have ause for dl the
waste heat. In cases where the heat can
be used, the gasturbineistypicaly used
to drive a generator to take maximum
advantage of its power generating
capabilities. The main problems
associated with using gas turbines as
chiller drivesindude:

1. Gasturbine power levels (and the
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resulting chilled water production) are sgnificantly reduced (~ 25-35%) a high ambient temperature
levels. Thismeans that a the very time the Site needs maximum power to drive a chiller compressor, the
gasturbineis least capable of ddivering it. One solution might be to use some of the chilled water
production to cool gasturbineinlet ar, but this aso reduces net chilled water production.
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2. Operating and maintenance procedures are relatively sophisticated. The engines must be protected
agang inlet dust, contaminants, frosting, or damage from foreign objects. When placed in the hands of
qudified, experienced personnd, and run continuoudy, gas turbines have recorded extremely high
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annud availahility and low maintenance cogts. Unfortunately, chillers ssdom run continuoudly.

3. If the gasturbine isfuded with naturd gas, gas pressures have to be higher than with any other
mechanica driver -- typicaly 300 - 400 psig for the gas turbine. These pressures aren't dways available
from suppliers, and therefore require a supplementa gas compressor. Since this gas compressor is
relatively unrdiable, a"spare’ is usudly added in the system design, miaking it an expensive design
attribute. Coupled with the power used to compress the natura gas fud input, this compressor becomes
aggnificant dement in the cogt-effectiveness equation.

4. Careful matching of the turbine and compressor, both available in limited Sze increments is essentid.
Starting and stopping torques are specidly important. These requirements typically increase the chiller
cost not economically supportable.

This doesn't mean that the gas turbine is a necessarily bad choice for amechanica drive gpplication, it just
highlights the primary concerns the designer and owner should consider in evauating the dternatives.

Therefore, it would be prudent to rely on qudified design professonas and reputable equipment manufacturers
for gasturbineingtdled cost, operating characteristics, and Site-specific performance estimates.
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Major Equipment Retrofit Concepts

Owners and operators must first determine whether aretrofit makes more sense than replacement. This
involves an evaudion of the facility plans, and the age, efficiency, and generd condition of the chiller.
Reviewing sarvice, efficiency, and refrigerant-use records will dso help. "Stopgap” conversonstypicaly use
the existing compressor, cooler and condenser. A typica stopgap conversion might include the following steps:

1. An evauation of the system's performance and condition, dong with a projection of the likely
performance after converson

2. Changing the CFC refrigerant in the system to an acceptable HCFC or HFC dternative

3. Converting the hardware and other components including controls, refrigerant flow devices, and relief
vaves

4. Recharging, with new refrigerant
5. Recydling, reclaming or digposing of the old CFC refrigerant
6. Start-up services including operator training.

Converting low-pressure chiller CFC-11 to HCFC-123 requires new sedls, O-rings, gaskets, and elastomers.
Hermetic motors exposed to the refrigerant may have to be rewound or replaced because HCFC-123 is not
compatible with some motor winding insulation. Open-driven chiller motors are not affected because they are
not exposed to the refrigerant.

Medium-pressure chiller CFC-12 and R-500 conversions to HFC-134a require a new |ubricant because the
conventionad minerd oils are not compatible with HFC-134a The system istypicdly flushed severd timesto
remove al traces of minerd oil and then replaced with the new ester-based ails.

Thiswork should be done by certified technicians only. None of these conversons are "Drop In". They dl
require significant equipment modifications. Some lass of capacity and efficiency may occur in some
conversons. Conversion should be performed by the origina equipment supplier if possble, or an experienced
sarvice agency following the origind manufacturer's explicit recommendations. Redlize that some chillers will
amply not accommodate converson. Carefully investigate each Stuation and make decisons accordingly.

Optimized conversions go one or more steps beyond the stopgap conversion to compensate for any
anticipated efficiency and capacity losses. These conversions may include changes to the compressor impéller,
gear-set, operating speed, and drive.

Low-pressure refrigerant conversons may involve an impeller change or modifications. Gear set replacement is

not uncommon in medium-pressure refrigerant conversion. Conversion results can range anywhere from a
moderate loss to a moderate gain in performance capacity and efficiency.
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Other converson issues include upgrading the chiller machinery room to comply with the forced ventilation
requirements of ASHRAE Standard 15-94. Mechanica rooms which contain refrigerants such as HCFC-123
require refrigerant monitors. Refrigerants such as HFC-134a require oxygen sensors.

Retrofit cogtswill vary widely. A rule of thumb is that they will run from 20 to 60 percent of the installed cost
of anew chiller.
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Chiller Retrofit and Replacement
Issues

The phaseout of CFCs presents an excellent excuse to replace many inefficient and unreliable cooling systems.
Retrofits or conversons offer an opportunity to decrease operating and maintenance costs while improving the
chiller plant's performance.

Regardless of dl other considerations, users are strongly advised to practice improved preventive maintenance,
leak detection and containment. CFCs are not harmful until they're released - 0 kegp containment firmly in
focus.

In generd, anewer chiller (one that's less than 10 years old) should be considered for retrofit. Alternatively, it's

often more cost effective to replace chillers over 20-years old. Chillers between 10 and 20 years old must be
evaluated on a case-by-case basis.
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CFC Alternatives

Users have three viable options for CFC replacement in vapor compression systems. They are, HCFC 123
for low pressure systems, HFC-134a for medium pressure systems and HCFC 22 for high pressure systems.
All can be safdly and effectively applied, especidly when ingtdled in accordance with the ASHRAE standard
15 and operated under the EPA service guideine. Du Pont has stated they believe the industry norm islikely to
be somewhere in the range of 30 percent of the systems out there will be excdllent candidates for retrofit.

At the end of 1995, the CFC manufacturing ceased and some supply disruptions have occurred. Refrigerant
123 is manufactured by severa manufacturers with plants either operating or under congtruction. Refrigerant
123 now costs much less than R-11. Thousands of new or retrofitted units are now in operation around the
world, some for aslong as 8 years. R-134ais being produced in plants around the world. Its cost is now
below CFC-12 . Over 1,000 systems are in operation globaly. Findly, R-22 remains the lowest cost and
most widdly used refrigerant in the world and alot of systems are designed to be operated on it and alot of
new technology has been developed around it. The time to plan is now. The dlock is running and we arein the
eleventh hour. There are choices available to you for the dimination of CFCs.

Environmentally Acceptable Refrigerants Are Now Available

Alterndtive refrigerants have been developed that can replace CFC refrigerants with only dight changesin
equipment design and minimal effects on efficiency. The current principle refrigerant subgtitutes are shown in
the following table. Severd types of blends are being investigated in order to optimize performance while
providing zero ozone depletion potential.

I Present aubstitute Refrigerant
.Emnt Short Term Long Term*
CFC11 HCFC - 123 HFC-245ca and other mixtures
CFC-12 & R500 | HFC-134a HFC-134a
HCFC-22 HCFC-22 HFC-L aga“, R-407C,R-410A,other blends of

HFC-32°, HFC-1 34a ,and other components

R502 HCFC-22 HFC-125% R507 and other blends ofHFC-92 2

HFC-1 25, HFC-1 34a,and other conponents

CFC-114 HCFC-1 24
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CFC R-11

The R-11 supply through 1996 has been adequate for norma service requirements but not sufficient for
stock-piling. The problems with R-11 supply, as well as R-12, will increase now that production has ceased.
One help isthat polyurethane foam manufacturers, the largest user of R-11, have switched to dternatives.
CFC reclaim, recycle and reuse programs with about an 80 percent yield are also assisting in the orderly
transfer to non-ozone depleting aternatives.

For planning purposes, a planning scenario was devel oped by refrigerant manufacturers, regulators, state
associ ations and equipment manufacturers. It assumed there were about 80,000 large centrifugal and screw
chillersin service, with about 70,000 using R-11. This scenario assumed a 4.5 percent annud system
replacement rate, compared with a 3 percent historica rate.

Actua experience as of January 1, 1997 indicate replacement of CFC-using chillers are going dower than
expected. Based on this current rate and as shown in the table below, about 53 percent of the unitswill need
increasingly expensive CFC refrigerants on January 1, 2000. That date will be four years fter the
government-hated production. With more chillers requiring CFCs to remain running, the stock-piled virgin
CFCsis being drawn down faster than expected since less used refrigerant is being recovered from
decommissioned chillers. Owners will be more dependent on used CFCs reclaimed to ARI Standard 700.

In 1996, U.S. shipments of 9,147 large non-CFC chillers was dightly below the 1995 record high output of
9,444 chillers. However, replacement and conversion of 4,356 CFC-using chillersin the U.S. fel behind the
earlier expected scenario, according to the industry's trade association, the Air-Conditioning and Refrigeration
Ingtitute (ARI). ARI estimates about 76 percent (61,000 units) still required CFCs on January 1, 1997. The
current ARI forecast of chiller conversions and replacements are shown here.

Conversions | Replacements Total % of 80,000
Prior to 111197 4,813 14,168 18,981 24
1997 1,307 4,181 24,469 31
1998 1,425 4,689 30,583 38
1999 1,494 5,368 37,445 47

Thisindicates 53 percent (42,555 units) of the 80,000 chillerswill till be usng CFCs at the turn of the century.
With retrofits dower than planned, there remains a shortfall of between 1 and 3 million pounds that will have to
be obtained from the limited stock piles or orders will go unfilled. Any fewer than the current modest number
of retrofits or alower replacement rate will only make the Stuation worse.
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CFC Phaseout Schedule

CFCs will not be manufactured after December 31t 1995. This schedule has been set at both the nationd and
the internationd level. The Montreal Protocol is the internationd tresty thet protects the ozone layer. It was
first Sgned in Montred in 1987. The last Sgnificant changes to the Protocol were made when the countries met
in Copenhagen in November 1992. And at that meeting the most important action taken was the acceleration
of the production phaseout schedule for 0zone depleting compounds. For CFCs, production halted at the end
of 1995. And for HCFCs, which are much less destructive to the ozone layer than CFCs are, the phaseout

schedule will gart in the year 2003 and then will gradudly lead to atota phaseout in the year 2030.

Refrigerant Phassout Schedule
Refrigerant Year Restrictions
CEC-11 1696 | Ban on production
CFRC-12 199¢ | Ban on production
HCFC-22 2010 | Production freeze and ban use in new equiprment
2020 | Ban on production
HCFC-123 2015 | Production freeze
2020 | Ban on use in new agquipment
2030 | Ban on production
HFC-134a Mo restrictions
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Refrigerant Pricing

It should come as no surprise that dternative refrigerants may tend to cost more than the refrigerants they
replace. However, as the supplies of the aternatives increase and the taxes on CFCs increase, the dternatives
will be more and more economic for many cooling systems.

In 1989, the federd government imposed an excise tax on certain ozone-depleting chemicas. Thistax has
been increasing late 1992. The tax was designed to pendize consumers of refrigerants with a high Ozone
Depletion Potentia (ODP) and bring prices closer to the then more expensive dternatives. The tax was
aoplied only to new refrigerant, not recycled or reclamed refrigerant, and was determined by multiplying the
chemical's ODP by the base tax rate.

HCFC-123 costs lessthan CFC-11. HFC-134ais increasingly competitive with CFC-12. However, because
of its more complex manufacturing process HFC-134a is expected to continue to cost more than HCFC-123.

Top of Coadling|Index | EAQs| Contact Us

lofl 7/14/2000 11:34 AM



CFC Alternative Recommendations http://www.csw.com/apogee/cool html/cod.htm

CSWCorporation

CFC Alternative Recommendations

The CFC phaseout should be viewed as an opportunity to make profitable energy efficiency upgradesin
buildings. These upgrades will help offset the overal cost of the chiller replacement or converson. To
conclude, remember these three main points. The dternatives to CFC refrigerants are currently available. They
effectively address the environmenta, regulatory and concerns. Second, the risks of not acting now are gret.
Y ou heed to consider the phaseout with sound plans and actions. And third, now is the best time to review
opportunities for energy efficiency in buildings. That includes retrafitting building lighting systems and other
energy-using equipment. The dternatives are ready. Y ou need to be ready. Observe these three points and
both you and the environment will benefit.
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Equipment Retrofit Procedures

Mogt retrofits are NOT DROP-IN procedures; there are important issues to consider. When considering a
retrofit to a non-CFC refrigerant, it is suggested that contact be made with the chiller manufacturer for
recommendations on the conversion and expected changes in performance. The manufacturer may offer to
quote a price for performing the conversion, which can be compared to other options for performing the
retrofit.

In some cases, when changing from a CFC to an dternative refrigerant, the lubricant must be changed to avoid
operationd problems. Typical applications are shown here.

CFC Altemative Refrigerant | Lubricant

R-11 HCFC-123 Mineral Ol

R-12 HFC-13a Polyolester

R-500 HFC134a Polyolester

R-502 HFCA04A FPolyolester

R-502 HFC{HCFCA08A Mineral Oil and Alkylbereene

CFC-11to HCFC-123

Due to competibility issues associated with the use of R-123 in centrifugd chillersit is recommended the
retrofit be evaluated on an individua basis by a quaified representative of the chiller manufacturer or certified
sarvice personnd. Modifications required may include impeller and/or gear changes, sed and gasket
replacement, and possibly motor modifications on semi-hermetic units. All manufacturer's guideines and
procedures should be followed carefully in order to achieve optima results.

CFC-12to HFC-134a

These aretypicd sepstaken in retrofitting a chiller from an existing CFC refrigerant to this environmentaly
acceptable dternative refrigerant.

1. Gather basdine data from the present system to be used to optimize the system when using the
dternaive refrigerant. Note the current CFC charge in pounds, lubricant type and charge (in pints,
quarts, galons, etc.), existing operating temperatures and pressures, and overal system performance.
Leak test the system and repair is needed.

2. Removd of exiging minerd oil from the system, with residud content reduced to less than 5%. Thisis
typicaly done by draining the minerd oil from dl accessble pointsin the system and replacing with an
equivaent charge of polyester lubricant. The system is then operated with the R-12 sufficiently to insure
miscibility of the two lubricants. Test for resdud minerd oil content and repesat procedure until the
resdud content is reduced to less than 5%. Typicaly this takes three cycles operating at 24 hour
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3. Recover the existing R-12 charge and |ubricant charge using standard industry recovery equipment and
guiddines. A number of refrigerant recovery services are available commercidly.

4. Replacefilter driers with new cores. Examine sight glass for compatibility to necessary new (150 ppm)
moisture-leve indication levels. As new refrigerants can retain more moisture, do not omit this step.

5. Evacuate the system using a degp vacuum (at least 500 microns) to insure al remaining moisture has
been removed.

6. Charge system with the proper polyester lubricant and HFC-134arefrigerant. Typicaly the R-134a
charge will be about 90% of the origind charge. Refer to pressure-temperature charts for fina
adjugment. Visud indication through the sight glassis not recommended as the nature of the refrigerant
and lubricant isto gppear cloudy in the liquid portion of the system.

7. Place proper markings and identification on the system to indicate the retrofit to R-134a and polyester
[ubricant. Indicate the pounds of the new R-134a charge in avisble location.

8. Start the system and make find expangon vave adjustments to achieve the proper superheat settings.

Typicd norma R-134a operating pressures are 2-5% lower on the evaporator side and 2-5% higher
on the condenser side.
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Low-Cost Retrofit Concepts

Refrigerant strategy options are largely based on containment plusthe Three R's - Recover, Recycle, Reuse.
There are many ways to mitigate refrigerant loss. Firgt, users should develop maintenance and refrigerant-use
logs to track these costs. The following low cost steps may be appropriate depending on the age, type, and
Sze of the cooling equipment:

Check for refrigerant lesks frequently

Replace or repair dl lesky fittings and vaves

Add isolation vavesto alow safe refrigerant evacuation before repair

Ingtdl refrigerant valves with cap, and redly use them.

Make sure valve packings and sedls are rated for the refrigerant used.

Use back-segting vaves to minimize vave-stem legkage

Use dud-relief vaves (in addition to rupture discs) to alow vave repairs during system operation.

After implementing these low-cost options, carefully congder the next step involving additiond investmentsin
the exigting equipment. These concepts include:

< With CFC-11 chillers, make sure the chiller has the improved, high efficiency purge unit. If it doesnt,
consider having one ingtdled. Purge units are the largest source of CFC-11 release; some of the old
ones release from 4 to 10 pounds of CFC-11 per pound of air. The new units reduce thislossto a
minimum -- some as low as 0.005 pounds CFC-11 per pound of air. Thisislessthan 1% per year of
the refrigerant charge.

» With CFC-11 and HCFC-123 chillers, make sure the chiller is equipped with a repressuring system to
facilitate leak detection. Again, if it's not, congder ingtaling one. A vessd repressuring system is used
with low-pressure refrigerant syslems that operate at a vacuum. This system prevents a vacuum
condition during shutdown periods and thereby reducing air infiltration by heeting the refrigerant and thus
pressurizing the system. This cuts the time and expense of legk-testing by eiminating the pressurization
with an inert gas (e.g., nitrogen) and limiting refrigerant losses during purging procedures. It can dso
help stop leaks until they can be located and corrected.

e Usearefrigerant recovery device to drain refrigerant during maintenance and non-cooling seasons.
¢ Usearefrigerant transfer-and-storage receiver system.

¢ |ngtdl and use an oxygen sensor or vgpor detector that will provide awarning when refrigerant is
leaking, and comply with the new safety codes.
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CFC Action Steps

Building owners must get passionate about refrigerant containment and emission reduction. We need to get
below 10 percent. Preferably to 5 percent of a system's charge on an annud basis, from our higtoric rate of
20-25 percent. The ability to do thisis available now from equipment manufacturers and aso under the new
EPA service guidelines. The options available today a modest cost are recovery devices, high efficiency
purges that reduce purge losses up to ten-fold, downtime vacuum preventers that minimize the need to even
operate the purges, and pressure relief attachments. And findly, fix legks rather than just top off. Once we get
emissons under control, owners should next evauate the retrofit of their existing equipment versus
replacement. Each chiller is different. Owners need to contact their equipment manufacturers for compressor
performance and dternative refrigerants.

Thiswill provide you with the estimated cost to convert your system and give you the basis to develop an
economic comparison of retrofit versus replacement. Then you need to evaduate your options on alifetime
operation cost basis and develop aplan for an orderly withdrawa from CFCs.
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CFC R-12

R-12 users have been more affected by the 1996 phaseout than others due to its wide spread use and the
highly emittive nature of many key R-12 gpplications, such as automotive air conditioners, sngle dose
medication inhaers, and ethylene-oxide Serilizers. The red problem has been increasing since production
hdted at the end of 1995. There are about 142 million vehicles with air conditioning systems driven by R-12.
There are tens of thousands of additiond smdl systems at the secondary retail level. Most large chain stores
arewd| into, or have completed, their trangtion.

Users have been responding to choices they have regarding retrofit, replacement, or recharge when their
systems go down. Currently they seem willing to pay ahigh price for R-12; in 1996, reports indicated virgin
R-12 sold at wholesale for $285 ($9.50 per pound) in 30Ib cylinders. At the height of the 1996 cooling
Season prices rose to over $600 per cylinder ($20 per pound). Owners of large systems like chillers who need
fairly large quantities of refrigerant to keep their systems running will be at a digtinct disadvantage versus these
folks. At some future point the replacement of alost charge on a chiller exceed the cost of ether retrofitting it
or even buying anew unit if the cost of R-12 isat or near $100 per pound. And again, $100 per pound could
occur - but not yet - as the shortfal of demand versus supply following the phaseout could reach at 20-50
million pounds.
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EPA Regulations

EPA's authority isto regulate protection of the earth's air isthe Clean Air Act. Here we will look at just three
of the mgor regulations of the Clean Air Act that most directly affect building owners and managers. The
Accderated Production Phaseout, the Mandatory Refrigerant Recycling Regulation, and the Significant New
Alternatives Policy or SNAP. CFC production ceased at the end of 1995. HCFCs under the Clean Air Act
will be treated differently but will be trested consistent with the Montred Protocol. One proposa distinguishes
among chemicals based on their ozone depleting potentia and takes into account whether a chemica hasa
short versus along atmospheric lifetime as well as the chemicd's application.

The two mgor HCFCs used by the air conditioning industry are R-22 and R-123. EPA has proposed different
phaseout dates. HCFC 141b, which is not used by the building ar conditioning industry, but is mainly used as
afoam blowing agent, has a high ozone depletion potentia, and as aresult, the proposed phaseout date for this
chemica is2003. The phaseout schedule for 22 is two-tiered. It will start in 2010 for new equipment and will
be phasad out completely in 2020, & which point it will be available for servicing existing equipment.
HCFC-123, which has alow ozone depletion potential, is not being phased out in new equipment until 2020,
and for existing equipment, in 2030. Remember, that 22 and 123 play a vauable role as replacements for
CFCs and are expected to be available over the useful lifetime of existing equipment.

The Clean Air Act dso sgnificantly affects the way ar conditioning sysems will be serviced. The main god is
reducing the emissons to the lowest achievable level. An effective recycling program isimportant to conserving
the existing supply of CFC refrigerant and preventing the release to the atmosphere. The law prohibits
intentiona venting of refrigerants during the service, maintenance, repair and the digposal of ar conditioning or
refrigerant equipment. In May 1993, EPA released the rule implementing the Clean Air Act on the proper
handling of refrigerants. These regulations established the required service practices technicians must follow
when working on these systems. The equipment technicians use to recover and recycle refrigerants must meet
certain sandards. And the technicians themselves must pass an exam demongrating their knowledge. The
regulations aso require large systems be repaired and refrigerant recovered upon disposal.

Owners of chillers and other refrigeration and air conditioning systems having a charge greater than 50 pounds
that leaks over 15 percent per year, have 30 daysto repair the legk. If the legk is not repaired, a plan must be
developed to retire or retrofit the system and it must be implemented within one year. EPA will enforce these,
and the Act alows pendties up to $25,000 per violation.

Now let'slook at SNAP. This section of the Clean Air Act authorizes EPA to determine the acceptability of
the dternatives replacing CFCs and in time will cover the HCFCs. It's not enough that the substitutes just
protect the ozone layer. EPA must evauate the dternatives based on overdl risks. The criteria the dternatives
are weighed againg include ozone depletion, globd warning potentid, energy efficiency and the safety,
including toxicity, flammakility and other environmental and hedlth factors.
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CFC Regulatory History

In response to concerns about ozone depletion caused by CFCs, representatives of the world community
convened in Montredl in 1987, London in 1990, and Copenhagen in 1992. Additiondly, the United States
Government passed the Clean Air Act in 1992 which accelerated the CFC phaseout.

The outcome of dl these megtingswas.

Production of CFCs stopped in 1996. It'sinteresting to note that some manufacturers phased out
production ayear earlier.
HCFCs production will be cut to 65 percent of 1989 production by the year 2004.

The rest of the HCFC phaseout looks like this:

In the year 2010, production and consumption of HCFC-22 will be frozen at basdline levels and there
will be aban on the use of HCFC-22 in new cooling equipment.

In 2016, production and consumption of HCFC-123 will be frozen at basdline levels

In 2020, HCFC-22 will be totdly banned. HCFC-123 will not be available for use in new equipment.
In 2030, HCFC-123 will be totaly banned.

There are no redtrictions on HFC-134a and other aternative refrigerants being developed chlorine-free.

However, it isaso far to point out that many rulings change over time. One only has to remember the
ASHRAE changesto ventilation rates to see how things can change.
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Refrigerant Properties and Safety

The properties of refrigerants and refrigerant safety can be categorized in severd ways, including:

Ozone Depletion Potentia (ODP). Ozone in the upper atmaosphere provides protection for animas and
plants from the large ultraviolet component of sunlight. ODP refers to the damage a substance can cause
to ozone in the stratosphere measured relative to CFC-11 which is defined with an ODP of 1.

Globa Warming Potentia (GWP). GWP indicates a substance's ability to trap hest in the atmosphere
over aperiod of time, called an integrated time horizon or ITH. The measurement isrelative to CFC-11
or carbon dioxide, and an ITH of 100 yearsistypicd for CFCs, HCFCs and HFCs.

Both direct GWP and indirect GWP are considered in refrigerant environmenta impact. Direct isfrom
the refrigerant itself. Indirect consders the carbon dioxide and other emissions produced at the power
plant that supplies dectricity to the cooling system.

Flammability consders the refrigerant/air ratio, pressure, temperature and potential sources of ignition.
ASHRAE rates systems from "no flame propagation” Class 1, to the more flanmable Class2 and 3
substances.

Personnd exposure limits are established using toxicology tests. The Threshold Limit Vaue (TLV) sets
the amount of time most workers may be exposed to a substance during an eight hour day and 40-hour
week without adverse effects. Other measures include Acceptable Exposure Limit (AEL) published by
refrigerant manufacturers, and Permissible Exposure Limit (PEL) published by the federd government.
Agan, ASHRAE rates sysems from Class A (lower toxicity) to Class B (more toxic).

Additionaly, ASHRAE Standard 15 requires that for Class A1 refrigerants (that's A" for lower toxicity, and
"1" for no flame propagation), equipment rooms must be equipped with oxygen sensors to warn of oxygen
levels below 19.5 percent. For other refrigerants, a vapor detector must be ingtaled to warn of potentially
harmful concentrations of refrigerant vapors.

Two other issues rd ate to this discussion:

1

CFCs are no longer listed by the Environmenta Protection Agency as a hazardous waste. The original
1990 rule has been suspended.

Locd building codes may not yet alow the use of HCFC-123, HFC-134a, and other adternatives
because the codes have not yet been updated. At present, the mgjor model code groups have accepted
an interim proposal recognizing the dterndtive refrigerants. The needed officia code changes are
forthcoming. Check them in your area.
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Compare

In the absence of current project-specific cost information, the vaues shown in these segments can be used to
compare chiller dternatives.
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Compare - Installed Costs - Central
and Unitary Systems

For comparison purposes, thistable illustrates some typica relative ingaled costs of severd popular systems.

Relative System Installed Gosts % per Ton
Typical Unitary System and Central Systoms Tons Cooling Capacity
System Type 100 200 300 400

Packaged Terminal Heal Pump System 51,718 $1.718 51,718 S8
Water-Loop Heal Pump nbeg. with Sprinkler System £1.842 51,784 £1.744 51,719
Wiater-Loop Heal Furmp £2.002 8..7 %1,898 51,869
Chilled Water with 2-pipa Changeower Fan-coill Units $2.117 22078 51,843 51,848
Multiple: Unitary Roofiop VAW Unis sl Sk Ran 52,202
Chilled Waber with 2-pipe Changeover VAV Uinits £2 858 52614 £2 482 22 417
Chilled Water with 4-pipe Fan-coil Units 52,003 52,704 §2.658 52,560
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Compare - Installed Costs - Chillers

Installed costs and capita offsets are important economic parameters. The ingtaled cost of dectric chillersis
sgnificantly lower than comparable heat-driven chillers. Hegt-driven Chillers require larger cooling water
pumps and towers. Engine driven chillers have a prime mover that costs much more than a comparable eectric
motor (and has much higher maintenance costs as well). Absorption chillers are much more costly than
comparable sized dectric chillers.

While the factory price of achiller unit may be easy to obtain, amore meaningful economic comparison is
based on the estimated totd ingtaled cost. This figure should include the chiller plus associated cooling tower
and condenser water pumps and piping or air-cooled condenser, plus ddivery of the equipment to the job site,
and ingdlation with interconnecting tower/chiller/pump piping and contrals, including the contractor's overheed
and profit.

Where any one cost segment is congtant for dl dternatives (such as chilled water distribution pumps and
piping), this cost can be omitted since it will not affect the outcome comparison. In some cases, the
comparison is amplified if incremental cogts are used; that is, one chiller is considered the base and the other
dternatives are assessed at how much more or lessthey cost. For example if one chiller requires 100 more
KW service than ancother, than the incrementa service cogt is estimated at $45/kW. That chiller'sincrementd
cost would be $4,500 more than the base unit's cost.

In the absence of current, project specific, instaled cost figures, these charts and tables can be used to
estimate and compare costs.

The cogts shown are typicd of large water chiller ingaled costs including cooling tower with pump piping and
ingtalation or air-cooled condenser. They are a nomina tons capacity and HCFC-123 or HFC-134a
compatible.

= Electric Reciprocating Chillers - Air - and Water-Cooled

» Electric Centrifuga/Screw Chillers - Water-Cooled
* Absorption & Engine Drive Chillers - Water-Cooled
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labor rates. For units larger than 1,000 tons, the ingtalled cost per ton declines only dightly on a dollar per ton
basis. Cogts shown are mid-1995 estimates for a single package chiller. On many ingdlations, multiple units of
equa or mixed capacities are used. Again, location, labor rates, rigging, control options, and unit efficiency can
substantidly affect the actud ingtaled cost, which can vary as much as +25%.

Some gas suppliers will subsidize the higher ingtaled cogts of engine-driven and absorption chillers. One way
they do thisisto absorb a percentage of the cost premium. Others will offer incentives, anywhere from $100
to $150 or more per ton, to reduce the installed cost premium. There is no way to be certain how long these

incentives may continue.
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Compare - Operating and
Maintenance Costs - Chillers

Operating and maintenance (O& M) cogtsinclude the day-to-day costs keeping the equipment running. It is
wise to keep these estimates on the conservative sde since the economic andysis will contribute to a prudent
financid judgment. Thisis not the place for optimism. Operating cogts depend largdy on the rlative eectric
and gasrates. It isvitd that the demand charges and energy costs of each dternative be calculated separately
and consider any seasonal or time-of-use provisons. Never use "average rates.”

Building codes or other considerations may dictate the need for operating personnd. If thisisthe case,
personnel costs must be included. And don't forget to add the energy and water prices to the energy
consumption rate of each chiller dternative on a"leve playing fidd" bass. Mantenance costs for screw and
centrifugd chillers are typicaly lower than for absorption chillers, snce these chillers require more frequent
replacement of mechanica components, tube stresses are higher, and there are Smply more tubes to replace.
Codts for engine-driven chillers are even higher since they require engine maintenance in addition to the same
maintenance codts as an dectric chiller.

In the absence of current, project-specific maintenance cogts, these two charts and tables can be used to
estimate annua maintenance costs of non-CFC chillers.

* Electric Reciprocating Chillers - Air- and Water-Cooled
* Centrifugd (& Screw) and Absorption Chillers - Water-Cooled

Absorption Chiller, Cooling Tower, Cond. Water Pump & Piping
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Water Cooled Centrifugal & Absorption Chillers
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Natural Gas Engine-Driven Chiller Maintenance I ssues

With naturd gas engine-driven chillers, engine maintenance is a costly item. The engine vibrations affect tube
bundles and compressor shaft sedls. Higher speed (3,600 rpm) engines are less reliable than lower speed
(1,200 rpm) engines. All spark-ignited natura gas engines used on chillers require periodic service, (including
gpark plug and lubrication oil changes) every 500 to 750 hours of service. The technicians that would normaly
sarvice the chiller may not be qudified to service the engine. Multiple vendor respongibilities between the
engine, contrals, and chiller suppliers tends to complicate maintenance. In addition, environmentd legidation is
likely to mandate emission controls which current engines may not be able to mest.

Engine maintenance is directly proportiond to the operating (running) hours per year. Depending on the engine,
amgor overhaul or engine replacement will be needed after a certain number of hours. This typicaly ranges
from 8,000 hours on the relatively high-speed 3,600 rpm automotive-type engines to 24,000 hours on 1,200
rpm industrid-grade engines. The engine maintenance cost should be added to the maintenance cogts of alike
cagpacity dectric chiller and include complete engine-only service plus asinking fund for overhaul and engine
replacement.

Natura gas engine maintenance costs typicaly range from $0.006 to $0.020 and the average is $0.012 per
ton per operating hour. Add the engine maintenance cost ($ per ton per operating hour x chiller capacity x
operating hours per year) to the maintenance costs of asimilarly sized dectric chiller ($ per ton-year x chiller
tons capacity). Thistotd will include the chiller and the full service and replacement cost of the engine.

Preventive Maintenance

With therising cogts of energy and refrigerants, plus the added concern about the environment, proper ongoing
and preventive maintenance of chilling equipment makes good sense. In most aress there are competent
independent- or manufacturer-operated service agencies who can provide this maintenance under contract.
Owners or building managers with alarge inventory of equipment may choose to employ their own personnd.
Indl cases, technicians should be well trained in the equipment serviced and stay up-to-date through periodic
retraning.

For accurate economic comparisons, obtain loca service contract quotations on the various aternatives.
Lacking actud quotations, this table provides estimates of the annud dollars per ingdlation for sngle chiller
ingdlations including the cooling tower and condenser water pump. These figures are based on median labor
rates and no Sgnificant travel time. These vaues dso include an alowance for materids and supplies.
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Multiple Units

For multiple units & a single location, make the caculation asif the units were singly ingtdled and multiply the
total dollar chiller only maintenance cogt of dl units (not including gas engine maintenance) by a 0.80 multiplier
for two units & sngle location, or a0.70 multiplier for three or more units at Single location. For engine-driven

chillers, add in the engine-only maintenance codts.
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