AD=A081 771  NAVAL POSTGRADUATE SCHOOL MONTEREY CA F/6 13/1
CONTROL STRATEGIES TO CONSERVE ENERGY IN ALL=AIR HEATING VENTIL=-=ETC(U)
MAY 79 W J MORRISON

UNCLASSIFIE!

D N
=
A




fli i
=gz
""l TR =
=&

22 1l nae

. .
[
’ ¢ .

MICROCOPY RESOLUTION TEST CHAR

NATIONAL BUREAU OF STAN_DARDS-1963-’1
. k)

22 122~ .




A

UNCLASS

SECURITY CLASIFPICATION OF THis PAGE (When Dete Eniered)

F—

READ INSTRUCTIONS

"..-. &Y oA
RN

REPORT DOCUMENTATION PAGE SEFORE COMPLETING FORM 3
GRY NUM 11, GOVT ACCLSSION w04 T, RECIPIENT S CATALOG NUMBER

TITLE (and Subtitle) S. TYPEZ OF REPORY & PEMOD COVERED

/ Control Strategies to Conserve Energy in All-Air
Heating Ventilation and Air Conditioning

- Systems o
?-—-YIDTOWC) [B Eo.nnnc? oi GRANT NUMBENR(e)

|0 / )
William James/Morrison D m(‘b stte rﬂ S +/L‘e SIS,

e

THESIS

6. PERFOAMING ORG. ARPORT NUMBER

’ ~,
S
T,

T RINPORMING ONGANIZATION NAME AN 1{7] — W _
University of Colorade | ') 1 4 /)71/‘{ 77 i
e —— :

1. CONTROLLING OF FICE NAME AHD ADONESS 12. AEPORT DATE i:

QDE 031 . v 1979 E

NAVAL POSTGRADUATE SCHOOL T T YT AT D ?,?

MONTEREY, CALIFORNIA, 93940 ) an r

T HONITORING AGENCY NAME & ADORESWI dilferent lrem Controliing Office) 1 16. SECURITY CLASS. (of this rdpers) i f

o

Naval Postgraduate School
Monterey, CA 93940

'gC&, ASBIFICATION, DOWNGRADING
NEDULE

4

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED EDIIC

AW

17. DISTRIBUTION STATEMENTY (of the-abetrest sntored in Blosk 20, il dittessnt frem Repest)

. OISTRISUTION STATEMENT (of (hie Ropert)

15. SUPPLEMENTARY NOTES

19. KLY WORDS (Continue en reverve side |l necossary mnd identily by bleek mumber)

Control Strategies, Conserve Energy, Al1-Air Systems

20. ABSTRACT (Continve an revevee side Il y and | ity by dleck anumber)

SEE REVERSE.

80 8 10 130

oD ";‘::"" 1473 eoimion or 1 nOV 88 1S OBSOLETR

(Page 1) $/N 0102-014- 6601 |

SECURITY CLASHIPICATION OF TS PaGE

o R R L ER Tt ST TRAE T PRy AT AT




»

i
)
i
t
B
!
I

Sucu?y CLASSIFPICATION OF TuiS SaCErWhen Note Enterey

Morrison, William James (M. S., Civil Engineering)

Control Strategies to Conserve Energy in All-Air
Heating Ventilation and Air Conditioning Systems

Report directed by Assistant Professor Clift M. Epps

Commercial and residential buildings consume

approximately thirty-seven percent of the energy used

in the United States. Heating ventilation and air con-

ditioning (HVAC) for these buildings requires one-half
to two-thirds of this energy. Energy required for HVAC
systems can be reduced by improving the HVAC control
systems in existing buildings. Six typical all-air
HVAC systems are considered in this report. The
various control methods that are being applied to these
systems are discussed. Results of work in this area

by others is summarized. This report contains an
extensive bibliography. Control system improvement
saves energy in most applications with 1ittle or no

loss of comfort.

kS

- bngt

orr? 3 1473

NIN2-N14-REN]




CONTROL STRATEGIES TO CONSERVE ENERGY IN ALL-AIR'
HEATING VENTILATION AND AIR CONDITIONING SYSTEMS

by
William James Morrison

B.S., University of Missouri, 1969

A report submitted to the Faculty of the Graduate
School of the University of Colorado in partial
fulfillment of the requirements for the degree of
Master of Science
Department of Civil and Environmental Englneering

1979

Approved for public releasel
distribution unlimited.

e e




ACKNOWLEDGMENT

This report was prepared under the sponsorship
of the U.S. Navy Postgraduate Education Program. The
guidance, knowledge and patience of Professor C. M. Epps
was instrumental in the preparation of this report. His
efforts will always be appreciated. In addition, the
comments of Professor J. O. Dow and Professor R. N. Helms
contributed immensely to the clarity and composition of
the report. I am grateful for their interest and

assistance.




A A A Yo AR A

Approved for public release;
distribution unlimited..

% This Report for the Master of Science Degree by
William James Morrison
has been approved for the
Department of
Civil and Environmental Engineering

by

| L M.

; f ci1irt M.’Epps

Date: %"}'*}’47,

—— o ——




Morrison, William James (M. S., Civil Engineering)

Control Strategies to Conserve Energy in All-Air
Heating Ventilation and Air Conditioning Systems

Report directed by Assistant Professor Clift M. Epps

Commercial and residential buildings consume

approximately thirty-seven percent of the energy used

in the United States. Heating ventilation and air con-
ditioning (HVAC) for these bulldings requires one-half
to two-thirds of this energy. Energy required for HVAC
systems can be reduced by improving the HVAC control
systems in existing buildings. Six typical all-air
HVAC systems are considered in this report. The
various,contfol methods that are being applied to these
systems are discussed. Results of work in this area
by others is summarized. This report contains an
extensive bibliography. Control system improvement
saves energy in most applications with 1little or no
loss of comfort.

This abstract is approved as to form and content.

Signed m. #ﬁ'
Facultydnember in ge of report.




TABLE OF CONTENTS

CHAPTER PAGE
I. INTRODUCTION'..O.i.....l....0..'...!'.'..0...000 l

1.1 Energy Saving Possibilities in .
Existing Bulldings......oveveceeeccccaccs .

1.2 Energy Conservation Programs....... e reeas

2

3
1.2.1 Organization of the Program........ 3 a
1.2.3 Economics of Retrofi£ Progﬁams..... 8 i

1.2.4 Considerations in a Retrofit
Decision.....cevense cvesscesssnassall

1.2.5 Effect of Retrofit Activities on :
Normal Operations of the Facility..12 |

1.3 Scope of this Report...ccceceeescccs P I |
II. ALL-AIR CONSTANT VOLUME SINGLE ZONE........ ees0.15 ,
2.1 The Baslc System......cccceveevncenss seeesslb
2.2 Low Cost Control Adjustments.....ceeeveess 19
2.3 Quick Fix Control Modifications...........21

2.4 Minor Control System Retrofit.......:.....26
2.5 Major Control System Conversion...........36
III. ALL-AIR CONSTANT VOLUME TERMINAL REHEAT........37
3.1 The Basic System.........;..........;.....37
3.2 Low Cost Control AdjustmentsS..............l1
3.3 Quick Fix Control Mod1fications...........42
3.4 Minor Control System Retrofit.....c.c.....45

3.5 Major Control System Conversion...........48




i " r

' TABLE OF CONTENTS

CHAPTER PAGE
IV. ALL-AIR CONSTANT VOLUME MIXING SYSTEMS........ 50
4.1 Tﬁe Basic SystemsS...ccveeeevecessscessces 50

\¥ 4.2 Low Cost Control AdjustmentsS............. 51
1 4.3 Quick Fix Control Modifications.......... 51
4.4 Minor Control System Retrofit.....cceeeeece 58

bL.5 Major Control System Conversion........ .. 59

V. ALL-AIR VARIABLE VOLUME COCLING ONLY SYSTEM... 61
S.1 The Basic SysStemM.....cieveeevcscsccscanns 61

5.2 Low Cost Control Adjustments.......eeo.... 67 i

| 5.3 Quick Fix Control Modifications.......... 67
| ﬂ 5.4 Minor Control System Retrofit......... ... 68
! ] 5.5 Majecr Control System Conversion..... ves.. 68

VI. ALL-AIR VARIABLE VOLUME TERMINAL REHEAT....... 71
| f 6.1 The Basic System........ ceteresesasesseas T1

6.2 Low Cost Control AdjustmentsS......ceoeee. T3 !
;‘ ' 6.3 Quick Fix Control Modifications.......... 75 3
. 6.4 Minor Control System Retrofit.......c.... 75
E o ; 6.5 Major Control System Conversion.......... 75 :
| VII. ALL-AIR VARIABLE VOLUME MIXING SYSTEM....ecco. 77 A
7.1 The Basic SYSTeM:eeeveeeeeeeseresenencees T7
7.2 Low Cost Control AdjustmentsS......ccesv.s 80 ;




vii

REFERENCES..... Ceeeaen Cerecereneans Y - 4

TABLE OF CONTENTS A
d
CHAPTER : PAGE '
7.3 Quick Fix Control Modifications.......... 80
} ‘ 7.4 Minor Control System Retrofit.......... .. 81
7.5 Major Control System Conversion.......... 81
d
VIII. EQUIPMENT FOR IMPLEMENTING NEW
2 CONTROL STRATEGIES..:e.0o... teeencescreensanss 82
g IX. CONCLUSIONS.....00ece.. Cerieennnes Ceeeeneeanae 84
o




. LIST OF FIGURES

FIGURE PAGE

[ S

Basic Constant Volume Single Zone Schematic...... 16

2. Control Logic for Single Zone Constant

Volume SySteM..cccesvecersascoossasvoansanacs ceeess 18
3. Modified Control Logic for Single Zone
Constant Volume System....ccovovesecse veeressaans 24
4, Modifled Constant Volume : :
Single Zone Schematic........ teeeenecsas ceeescene 27 1
5. Dry Bulb Economizer Control Logic...... cesesecsenns 29
6. Intelligent Time Clock Morning
Plckup Algorithm......... . tesescasans reseceons 33
7. ' .iigent Time Clock Evening
~auwCdown Algorithm..... ceseccsresannens cecssene «ss 35
8. Basic Constant Volume Reheat Schematic........... 38
9. Control Logic for Constant Volume
Reheat SystemM...ccceecececenes ceceecsneasene ceeens 4o
10. Modified Constant Volume Reheat Schematic........ 43

11. Modified Control Loglc for Constant
Volume Reheat SySteM.....ceicecersoccosssscccssocs by

12. Basic Constant Volume Mixing System Schematic.... 52

13. Basic Constant Volume Mixing System
ContrOI Losic.....‘0.‘0.'.‘.'00..“'.Il..’.' ..... 53

14. Modified Constant Volume Mixing ;
System SchematiC.ceeceeerecersoesesssvcnssscvassas 56 !

15. Modified Constant Volume Mixing i
System Control Logic..... st eresnrens ceessressaans 57




FIGURE

16.

17.

18.
19.

20.
21.
22.

LIST OF FIGURES

PAGE

Basic Variable Volume Cooling Only
Schematicﬂ.O‘."l'......‘l....I.........l‘l..... 62

Basic Variable Volume Cooling Only
Control LOZlC. . civeeesoesoesosarensonas P X |

Fan Power Consumption......cceeeevcecsocsecnasses 05

Variable Volume Cooling Only )
With Perimeter Heating Control Logic.....ecc.... 69

Variable Volume Reheat Schematic...........cc... T2
Variable Volume Reheat Control Logic............ T4
Variable Volume Mixing Control Logic............ 78

ix

A iis ki o mea




CHAPTER I

INTRODUCTION

Energy crisis 1s an overworked phrase, but a
concise description of the personal, national and inter-
national dilemma confronting all people. As a natlon,
we are faced wilth declining petroleum supplies and in-
creasing demand. This predicament 1is the cause of an
intense search for alternative energy sources and more
efficlent energy consuming processes.

Resldentlal and commercial uses of energy in the
| United States accounted for 28.16 quadrillion BTUs of
J | the 75.95 quadrillion BTUs37 consumed in 1977. This
represented approximately thirty-seven percent of the
national consumption that year, a percentage that has
been fairly constant since 1973. Residential and commer-
clal consumption of energy in existing structures is a
significant burden upon the nation and property owner.
:' Fortunately, there exists a tremendous potentlial for

energy savings in these structures.

. Superscript numbers refer to references at the end of the
| report.
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New structures are being designed and built with
energy conservation in mind. This 1s the result of the
economics of our time and the response to various

federal, state, or local regulations in the area of

- energy budgets for new bulldings. For this reason, energy

savings in new bulldings will not be considered in this
review.
Energy Saving Possibllities in Existing Bulldings

Energy savings in existing bulildings will be the
focal point of this report. Many possibilities exist for
conservation of energy in existing buildings. The building
envelope may be improved to minimize transmission of energy
by adding insulation. Solar gains for air-conditioned
buildings can be reduced by architectural treatments such
as shading, solar film on windows, and use of light exterior
colors. Infilltration losses can be reduced by caulking,
sealing and weather stripping where needed. The lighting
and power requirements can be significantly improved by
reducing nonproductive illumination, using more efficient
luminaires, the use of light color surface treatments on
the interior to maximize light utilization, and installing
proper sized motors with high power factors. Often, the
energy efficiency of a structure can be 1lncreased by improv-
ing the existing routine HVAC maintenance programs3 and by
tuning up the HVAC system with a good testing and balancing

program.29
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A fertile area for energy conservation is the
controls and their application to the HVAC system. Control
strategy can be as complex as automating the entire control
system or as simple as lowering the set point of a thermo-
stat.

A brief review of the process leading to imple-

mentation of control system modifications follows.
Energy Conservation Programs

Organization of the Program

-

An effective energy conservation program must rest
upon a methodical analysls of the problem. John S. Blossomu
has developed an eight step problem solving approach to aid
in development and implementation of energy conservation
programs.

1. Define the objective. An energy conservation

program objective should be established and defined. The
objective will generally be to save money, but it may be

to save energy or reduce usage of a specific fuel. These
are not necessarily coincident objectives. It 1s possible
to save money spent on energy by using a cheaper energy
source. Conversely, energy can be saved by using a more
energy efficlent, but more expensive process. In any case,
the objective should be put in writing to insure that it

remains consistent as the program develops.




2. Define the problem. The problem 1s the source

of the objective. Typical problems include 1lncreasing costs,
reduced avallability of energy, or new government regula-
tions on energy usage.

3. Establish a2 data base. This 1s information of

a factual nature that relates to the problem being con-
sidered. The owner's requirements and constraints such as
budget limits or comfort levels are included in the data
base. Also, physical and technical parameters of the prob-
lem such as size and operation of the HVAC equipment,
measured energy consumptlon rates, indoor temperatures,
outdoor temperatures and other measured data necessary to
establish the actual operating conditions of the building
are gathered. Historical energy consumption records and
the operation schedule of the bullding should be included
in the data base. Development of the technical information
for the data base could require considerable effort, depend-
ing on the building under study. The U. S. Air Force
reports an average of 132 man-hours of data gathering and
engineering time for each building studied in a comprehen-
sive energy audit of 2000 large buildings.9 Once the data
base has been established, the next step 1s to pause and

make sure the study 1s on the right track.

4, Review with the owner. This 1s the time to

insure the objectives, problem definitions and criteria

are in consonance with the owner's goals. Approval of the
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program by the owner should be required prior to proceed-

ing with the next step.

5. Develop alternative solutions. The alternatives

should include the cost of making no changes and the feasi-
bllity of ceasing to use the building entirely. Within
these extremes, several technical solutions to the problem
should be formulated. The initial cost and operating
expenses for each solution should be estimated at this point
in the program. The next step is to select the technical
solutions that are best sulted for the case belng studled.

6. Recommend a specific program. Alternative

solutions should be compared and a specific recommendation
prepared for the owner. If the recommendation 1s accepted,
the next step is to implement the program.

7. Implement the program. This phase includes

design and construction, if necessary, of the physical
changes to be made under the approved progranm.

8. PFollow up. Systematic monitoring of results is
vital to assess the success of the program. Following up
should include comparison c¢f the objectlive with the results

and a determination if the original problem was solved.
Categories of Conservation Efforts

Technical energy conservation efforts can be
grouped into categories on the basis of cost effectiveness,
energy saved, investment required, ease of implementation,

management effort required or others. A classification

5




system of some sort 1s necessary to bring order to the
alternative solution selection process. Clift M. Epp56
proposes grouping alternatives 1lnto four general categories
based upon cost effectiveness and ranked by initlal cost.
Cost will most likely be the common denominator for any
other basils of classification. The following categories
will be used to organize the control strategles reviewed in

this report.

Low=cost Adjustments. Easily implemented measures

such as effective maintenance; shut down of HVAC equipment
when spaces are unoccupled; reducing excessive lighting
levels 1in noncritical task areas; adjusting thermostat set
points; and reducing the amount of ventilation air to the
allowable minimum. These actions require no capital invest-
ment and are accomplished by adjustment of maintenance and
operation procedures. Any costs would be labor and manage-
ment expenses usually resulting in paybacks of one year or
less.

Quick Fix Modifications. Easily accomplished

measures such as installing time clocks to start and stop
equipment; arranging control sequencing such that heating
and cooling do not occur simultaneously; installing process
temperature reset controls; and installing thermostats with
wider throttling ranges. Process temperature reset attempts
to match the supply air temperature more closely to the

space requirements. If the space is near the desired

1
i
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- temperature, the supply air temperature is reset closer to
the space temperature. Excessive heating or cooling 1is
minimized. Thermostat throttling ranges are the spread of
temperatures over which the thermostat output ranges from
full pressure (in the case of pneumatic systems) to minimum
pressure. A tight throttling range might be 3°F and a wide
throttling range might be 10°F to 20°F. Photocells or time
clocks to control lighting might be effectively employed in
low use or high daylight concentration areas or on night
security circuits. These modificaticns would generally be -
easily accomplished, require minor investment of capital
funds, and usually have simple paybacks of three years or
less. Simple payback being defined as the amount of time
it takes for cumulative annual savings of fuel and opera-
ting expenses to equal initial investment. Effects of the
tax structure, fuel price escalation, and the cost of money
are not considered in simple payback computations.

Minor System Retrofit. Projects such as adding

economizer cycles which use outside air for cooling;
conversion to centralized control of the building's
systems; and installation of more sophisticated sensing
elements, controllers, and controlled devices would fall
into this category. Also, additional lighting controls
such as more extensive standard switching or low voltage
switching might also be employed. Calculated payback

periods on these modifications could be greater than three




years and should be based upon accepted economic evaluation
procedures.

Major System Conversion. This phase would include

conversion of fan or pumping systems from constant volume
to variable volume operation, altering duct systems, adding
devices to reclaim waste energy, utilizing alternate energy
sources such as solar energy, making physical improvements
to the bullding's envelope, and integrating lighting and
switch modifications based upon tasks performed, space
function, space utlilization and time. These activities
would require considerable capital and manpower investments
and may yield simple paybacks of greater than ten years.
The average owner has probably already progressed
through step one of the above program and many owners are
well into steps two and three in their conservation programs.
As the easy savings 1deas are implemented the next steps
generally require more exhaustive economic and technical
study. These areas will be briefly considered in this

report.
Economics of Retrofit Programs

Renovating structures or HVAC systems to conserve
energy can result in significant expenditures of capital
funds. These investments must be analyzed to determine
the best use of fupds devoted to energy programs. A first

review of the project should be made by simple payback




calculations. The prime drawback with simple payback is

the fallure to account for the time value of money, energy
price escalation and the effect of the tax structure upon
the results of a project. Therefore, simple payback calcu-
latlons are best used in order of merit comparisons between
various alternatives or for short periods of time. A simple
payback analysis is quite sufficient for before-tax paybacks
of three years or less.17 Within this period of time,
fluctuatioﬁs in the cost of money and thé price of energy
wlill not have a severe impact upon the validity of simple

payback results.

If the simple payback calculations show paybacks
greater than three years, then payback calculations should
be made taking into consideration the cost of money, taxes
and future energy rate escalations. Paybacks on this basis

can be used with some degree of confidence up to ten years

or so.
All payback calculations are at best educated
estimates. Conditions, formulas and procedures have been
developed for these estimates that range from the simple
| procedures described above to very sophisticated methods.

If order of merit considerations drive the analysis, the

simplest method possible should be used to determine
payback. If the financial soundness of the investment 1s

to be determined, more rigorous methods might be in order.




Considerations in a Retrofit Decision

The technical and economic factors that lead to a
retrofit decision must accommodate other constraints on
the retrofit design. The impact of building codes, comfort
levels, additional control complexity and utility usage
patterns must be checked for each retrofit project.

Most structures will be covered by local, state or
national bullding codes that set minimum standards for the
functions of the HVAC system. For example, the outside air
ventilation minimum is usually specified on an occupancy or
floor area basis. National organizations such as ASHRAE

publish sta.ndards2

to guide bullding officials in prepara-
tion of thelr codes.

The comfort level in a buillding is a very subjec-
tive parameter. HVAC modifications must be made with the
goal of maintaining the occupled spaces within a clearly
recognized comfort zone. A tremendous amount of work has
gone 1into development of widely acceptable comfort zones.
Here again, ASHRAE has a standard2 that defines conditions
at which most people will be comfortable. Optimum use
should be made of widely recognized and accepted comfort
standards when determining internal design conditions.
Gains attributable to lowered comfort should not be credi-
ted to a retrofit of the HVAC system. A loss of produc-

tivity of even one percent in a commercial activity due to

lowering the comfort level may negate any financial gains
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for that reduction in energy conservation. Retrofit i
proposals that have the potential to adversely affect the
comfort level must be evaluated with that in mind. t
Retrofit ideas that significantly increase the I
control complexity hay not be feasible or desirable.
Locations geographically remote from the technical support
necessary to keep the system operational are poor candidates
for complex control schemes. Installation and maintenance
problems involved with these systems will cancel any advan-
tages that may accrue from the control system. Recent
advances 1in control element reliability have greatly in-
creased the practical applications of new control schemes
and must not be discounted. Still, control systems must
be as simple as possible to accomplish the required action
regardless of the availability of technical expertise.
Retrofit proposals that do not save energy, but
rather redistribute its usage to take advantage of utility
company rate structures may become very poor 1lnvestments
indeed. Utility rate structures can be changed to reflect
changing demand patterns, thus eliminating the economic
rational for the retrofit in question. The primary devices
in this category are demand controllers. A demand con-
troller generally monitors and attempts to limit maximum @

7

metered electric demand. Utility rate structures that

surcharge customers based upon peak demand are the impetus

behind demand controllers. A demand controller 1s usually
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preset to a maximum allowable electric demand. It monitors
electrical usage by various means. As the electrical usage
of the building approaches the preset limit, the controller
begins to shut off electric devices in the bullding in a
preselected sequence. The electric devices shut down first
are generally those with some energy storage capacity such
as water heaters or the HVAC systems. Loads are kept off
for predetermined periods of time if necessary before other
loads are shed and the original device returned to line.

In this manner, the peak electrical demand of the structure
can be spread out over a longer perlod of time at a lower
value. The net effect is to hold down the demand surcharge
and thereby reduce the electric bill. Energy may or may
not be saved.

Currently the utlilities' industry generally remains
neutral on the use of demand controllers.7 This might be
expected since the rate structure can be periodically
adjusted to develop the revenue necessary for operation
and expansion of their facilities. If load limiting
devices begin to affect revenues, the utility rate will of

necessity be adjusted to bring in the required revenue.

Effect of Retrofit Activities on Normal Operations of
the Facllity

Many retrofit decisions are made without proper
evaluation of the disruption that may occur during construc-

tion or installation of the modification. Often the




13

consequences of a retrofit decision upon normal operation
of the facility only become apparent when the contractor
begins work. These consequences should be as carefully
weighed as other considerations in the planning stages of
an energy conservation modernization. Two otherwise equal
alternatives in terms of cost, payback, energy savings and
time for completion might be quite different in effect on
the facility during installation. This is the primary area
that sets envelope modifications apart from control stra-
tegles in an energy conservation program. Envelope modifi-

cations will most likely involve reglazing, hanging new

doors or adding insulation to wall systems. These activi-
ties will create some interference with the use of the
building.- Control system modifications may be accomplished‘
in a large part in mechanical rooms with little interference ?
in occupied spaces. Minimizing the time spent in occupied
spaces by construction activities will be a tremendous
advantage to the facilities engineer and will avoid produc-
tivity declines of the employees. Thils advantage to con-

trol systems modifications must be considered in the

energy conservation program analysis. i
Scope of This Report

The remaining material in this report willl center 4
i
upon the modifications of control systems to conserve i

energy in commercial and residential applications. The




control strategy of a HVAC system is the easiest part of
the process to change. Often the physical modifications
necessary to implement new control strategles are the

easiest and least disruptive choices of several alternative

plans to save energy.




CHAPTER II

ALL-AIR CONSTANT VOLUME SINGLE ZONE

The Basic System

A typical all-air constant volume single zone
system is shown in Fig. 1. For the purposes of this report,
the system schematlcs omit safety devices such as firestats
and service lines such as control air supply and electrical
feeders. In general, the schematics will only depict
portlons of the HVAC system germain to the control stra-
tegles discussed.

The sequence of operation of this system will be
analyzed in detail 1n order to establish basic terminology.
The analysis will begin with the fans off, outside air
colder than inside air and inside air colder than the
thermostat set point. The fan-damper motor interlock will
cause the outside and exhaust dampers to be closed when
the fans are off. The chilled water valve will be closed
and the hot water valve will be open. Starting the fans
signals the damper motor to position the dampers to allow

a predetermined amount of outside air, return air, and

exhaust air. The amounts remained fixed unless the dampers




o —

16

OILVWIHOS dNOZ J'IONIS HWNTOA LNVLSNOD JISvd

ugg JTV

%Haa:m
”_.\Q/\

L

3utto

2
00

Qd&\pﬂﬂAMNWIKIﬂ

uango

T T TSMH
I
/

T

3utjesy

‘T J4NOILA

- =2
UMH

aty
PTSINO

|




17

are manually adjusted or the fans shut off. The air circu-
lated by the fans 1s heated by the hot water coill and
begins to warm the space. When the space temperature falls
within the throttling range of the thermostat, the space 1s
under control. See Fig. 2 for the definition of set point
and throttling range. The thermostat will attempt to main-
taln a temperature of 7T4°F 1in the zone. This temperature

is the set point of the thermostat and 1s at the midpoint

of éhé'khroﬁéiihg'réﬁgé: In this case, fhe throttling

range 1is from 72°F to 76°F. Over this four degree tempera-
ture span, the thermostat output ranges from minimum pres-
sure to maxlimum pressure. This figure also deplcts the
relationship between the controller and the controlled
devices in response to the value of the controlled variable.
Or in thils case, the relationship of the pneumatic thermo-
stat output and the water supply valve position in response
to the space temperature. This control logic diagram is
1dealized in that linear operation of the devices 1s shown
and the dynamic response of the system 1s neglected.
Continuing with the sequence of operation, the logic
diagram shows that at the set point of the thermostat,

both valves will be closed. An increase in space tempera-
ture will cause the chilled water valve to open. This will
cool the circulating air and attempt to bring space

temperature back to the setpoint. The system remalns
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under control if space temperature is within the throttling
range.
This control strategy, although simple, has
several drawbacks. Primary among these are year-round
fan operation, fixed amount of outside air and maintaining

nearly constant space temperature.

Low Cost Control Adjustments

PY - .

.. . .The first adjustment to Be' cbdnsldered for the
system described above should be manual shutdown of the
equipment when the building is unoccuplied. This will save
fan energy and the thermal energy that would normally b;
expended conditioning ventilation air and maintalning the
space thermostat set point temperature. The space tempera-
ture would be permitted to float while the building is

i unoccupied. In extreme climates or seasons, the system
; could be manually switched to a night thermostat rather
B | than completely shut down. The night thermostat would be
set to maintain the minimum allowable space condition and
close the outside air damper.
Next, the outside air damper should be adjusted

to provide the minimum allowed or acceptable ventilation

rate. The American Society of Heating, Refrigerating,
and Air-Conditioning Engineers (ASHRAE) publishes a
standard that suggests minimum ventilation rates for

most bullding applications.2 It is interesting to note
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that these minimums are generally based upon requirements
to control or dilute odors generated by occupancy, living
habits or other sources.l The amount of ventilation air
required to provide necessary oxygen to occupants and to
prevent objectional concentrations of carbon dioxide is
generally much less than the minimum set by ASHRAE.l The
energy cost of excess ventilation 1i1s directly proportional
to the mass of the outside air entering the space and the

. inside~qutslde air enthalpy difference.21

Therefore, the
absolute minimum ventilation rate conslstent with health
and comfort should be provided.

Another low cost energy savings adjustment 1s the
thermostat set point. Adjusting the thermostat set point
to a lower temperature for heating loads and higher tempera-
ture for cooling loads will save a significant percentage
of the annual energy used by both residential and commer-
clal buildings. Two single family dwellings studied during
the winter of 1973-1974 showed fuel savings of twenty
percent as a result of lowering the thermostat set point
4°F from 72°F to 68°F.38 VSimilarly, a commercial building
studied by computer simulation in the summer of 1974 saved
thirty-one percent of the normal annual coocling energy as
a result of raising the thermostat set point 3°F from 75°F
to 78°F.]"4 This saving was verified in part by actual

8

metered energy consumption. Published studies are in

accord that energy savings result from thermostat set

B
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polint. rhe magnitude of the savings depends upon the type
and location of the building.
Quick Fix Control Modifications

These modifications of the all-air single zone
system could be extensive. Automatic thermostat setback
for night time and periods of time when the building 1is
unoccupled 1is a2 primary quick fix modification. A two
set point thermostat with a twenty-four hour timer would
typtcally be applied 1in a’'residénce. The day set boint'
(7U°F) would drive the thermostat output until a preselected
time (9:00 p.m.). The timer would then switch to the night
set point (60°F) which would drive the thermostat output
until the cycle was completed by returning to the day set
point at a preselected time (5:00 a.m.). This would be a
14°F setback for eight hours on a daily basis. A commer-
clal application of the same principle would likely util-
ize a seven-day clock to permit weekend and holiday set-
backs. In addition, a commercial or otherwise unoccupied
bullding setback strategy would pfovide for the fan system
to cycle from the night set point rather than operate
continuously, close outslide alr dampers, shut down unneces-
sary exhaust fans and deactivate mechanical cooling.

Studies dealing with night thermostat setback in
residences have been widely published.8’38’25 They are

unanimous in claliming approximately ten percent energy
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savings with an 8-10°F setback for approximately eight
hours at night. Residences that are able to accommodate
two elght-hour setbacks per day have been predicted

(using a well regarded computer simulation) to save
approximately twenty percent of the annual heating energy
that would normally be used in a dwelling maintained at a
constant temperature.lg Savings in most commercial appli-
cations of setback strategy will be simllar or greater due
to the potential for longer setback periods and reduced
fan energy requirements.

Setback strategy success 1is sensitive to varia-
tion in building type, ﬁnnual degree days, type of heating
source apparatus and the perlod of the setback. All
proposals must be evaluated with the specific character-
1stics of the installation in mind. Concerning the period
of setback, setbacks of four hours or less have not proven

to be worthwhile.38

In fact, buildings with a high thermal
capacity and substantial furnace oversize may use more
energy on an annual basls under a short setback period

than no setback.39 The reasons for this relate basilcally
to inefficiencies arising in the furnace system during
prolonged warm-up of thermally massive structures. If

for operational or other reasons short periods of time

are avallable for setback, then setback strategy should

not be employed. Most bulildings, however, can reduce

energy consumption with the proper combinatlon of furnace
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size, setback amount and setback period.l3

Quick fix modification of the single zone constant
volume system might certainly include exchanging existing
controllerslfor controllers with a larger throttling range
containing a null or dead band. The control logic for
this modification 1s shown in Fig. 3. The thermostat
throttling range is 70° to 78°F. The band from 72° to
76°F permits neither cooling nor heating of the circulated

air. The zone temperatuge floats, in thils.range. or dead - -

. - ~ &« = * -

band until itlchanges sufficlently to open a controlled
valve. If the throttling range does not exceed the
limits of the comfort zone, significant change of habita-
bility will not occur. The economizer cycle shown in
Pig. 3 1s described in the next section under minor control
system retrofit.

Energy savings for this modification occur for
two reasons. Permitting the zone temperature to float
with no thermal energy added throughout the dead band is
efficient, since this allows the HVAC system to take
advantage of the thermal flywheel effect. Closely related
to this savings 1s the benefit of advantageous set points
provided by a wide throttling range. This allows the HVAC
system to work against smaller indoor-outdoor temperature
differences. Thils strategy has been successfully tested

on other HVAC systems, the results of which will be

discussed later.

23
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Reset of the heating coll hot water supply
temperature 1s a common control optimization technigue.
The object of reset 1s to adjust the hot water supply
temperature to match the heating load in the building. A
typical arrangement for conventional hot water supply
temperature control employs an aquastat at the boller.
This aguastat acts to maintain constant boiler water
temperature. Modifying this control system entalls the

addi?igp.qf.anoqpqr thermostat tfhat adjusts.the set.polnt
of the aquastat. The new thermostat might typically be
placed outside. The reset rate for this arrangement could
vary the water temperature from 180°F to 100°F for an
outside air temperature range of 0°F to 50°F.

Energy savings from hot water reset in an all-air
single zone system lie mostly in reduced thermal losses
due to handling a lower temperature fluid. These savings
may not be significant in this HVAC system, but become
important in all-water systems. A side benefit of reset
1s to increase the controllability of the coll discharge
temperature. At part heating loads, full temperature
supply water alternatively overheats the discharge air
which closes the water supply valve resulting in a lower-
ing of the discharge temperature which causes the cycle to
repeat itself. Supply water temperatures that more
closely match the load do not cause these temperature

swings 1n the discharge air. ‘,

<
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Minor Control System Retrofit

Economizer cycles.are well established energy
savers 1if properly applied and controlled. The following
discussion on the operation of an economizer cycle 1is
applicable to the remaining all-air HVAC systems to be
discussed.

An economizer cycle simply uses outside air for

cooling before activating mechanical refrigeration. The

.w
- ® s ® ¢ . b

-eontrol logic must use outside airwéﬁly when 1t ié cool
enough and then only if the space thermostat is calling
for cooling. Additional control devices required for
thils retrofit are an outside air thermostat, a mixed

air thermostat and a proportional damper motor. The
schematic in Fig. 4 depicts these additions for a single
zone system.

The system shown has one damper motor mechanically
linked to three dampers. Individual motors electrically
linked are also common. The linkage dictates that all
dampers operate in concert. The exhaust and outside air
intake will always be in identiﬁal positions to keep the
building pressure stable. The return air damper will
always be 1in an inverse position relative to the others.
For example, when exhaust is 100% open, return will be

100% closed or when exhaust 1is 20% open, then return will

be 80% open.
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The economizer status relative to zone tempera-
ture and chilled water supply valve positlon 1s shown in
Fig. 3. In this economizer example, the outside air
dampers will be at the minimum positlion consistent with
ventilation requirements at zone temperatures less than
7M°F. Zone temperatures above TUOF will activate the
economizer control loop. Zone temperatures above 76°F
will apply mechanical cooling in addition to the econo-

mizer. The minimum mixed air temperature allowed for

« e o6 @ ® - ® .o . o . e« e« °c @ " &

this Ekéﬁple will be 55°F. fhis temperature is generally
defined by space comfbrt criteria and 1s interrelated with
diffuser characteristics, diffuser location and room air
motion.

The sequence of operation of the'economizer
begins with activation of the economizer contgol lcop
by the space thermostat. The economizer contréls will
attempt to operate on the basls shown in Fig. 5, which
was adapted from an analysis of economizer operation.26
Outside alr temperatures below the low temperature cutoff
and above the high temperature cutoff will position the
dampers to provide minimum ventilation air. High tempera-
ture cutoff is determined by the design and will generally
be the highest temperature air that can still effectively
cool the space. Outside air below the low temperature

cutoff 1s too cold to be mixed with return air and still

satisfy the mixed air thermostat. In the example shown,

28
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outside air from 0°F to 55°F will be proportioned with
return air to satisfy the mixed air thermostat's require-
ment of SSOF. Mixed alr temperatures from 55°F to 70°F
will position the dampers to provide 100% outside air.
Economizer control systems based upon dry bulb
temperature can operate lnefficiently at some climatic
conditions. In reality, the air conditioning load im-
posed upon a building 1s a functlon of both dry bulb
temperature and molsture content of the alr processed.
The enthalpy of a moilst alr mass is a better indicator
than dry bulb temperature of the air conditioning load
imposed by the alr processed. Enthalpy can be defilned
as the sum of the internal energy of a mass of air and
the product of 1ts volume multiplied by the pressure.

Enﬁhalpy takes the moisture content of the air into

account. If the system shown in Fig. 4 was operating at
a return alr condition of 78°F and 50% relative humidity,

the enthalpy of this would be 30 BTUs per pound of dry air.2

At the same time, the dry bulb economizer could be provid-
ing one hundred percent outside air at a temperature of'

69°F to the air handling equipment. If this 69°F outside

alr had a relative humidity of 90%, the enthalpy of this

C Use of outside

air would be 32 BTUs per pound of dry alr.
air would impose an energy penalty of 2 BTUs per pound of

dry air upon the mechanical refrigeration.




A simple solution for this problem 1s to add an
enthalpy override to the dry bulb temperature control
loop. Enthalpy sensors are placed in the return air and
outside air paths. The signals from the sensors are
compared. When return alr enthalpy 1s greater than outside
ailr enthalpy, dry bulb control will operate the dampers.
When return alr enthalpy 1s less than outside air enthalpy,
the override willl position the dampers to provide minimum
; ventilation. -

Computer simulations of an economizer installed in
a commercial bulilding were made for twenty-five different
cities. Dry bulb control produced annual savings 1in
mechanical refrigeration operation time of eleven to fifty-

20

seven percent. Further savings of four to six percent

' | of the total seasonal cooling load have been predicted for

installation of enthalpy overrlide on a dry bulb temperature
economizer control system.26 The bullding, building HVAC
system and geographical location all play important roles
in the successful application of economizers. The funda-
mentals should be checked for each proposed retrofit of an
economlzer.

An intelligent time clock (ITC) 1is considered a

good candidate for minor system retrofit. Basic time clocks

start and stop HVAC equipment at predetermined times. The
general application 1is for night setback. The basic time

clock turns the thermostat to the day set point in time




to bring the zone under control for occupancy for the
predicted worst case weather conditions. As a result, the
HVAC equipment runs more hours than necessary during the
year. The same thing occurs when the basic time clock
turns the thermostat to the night set point. An ITC,

which 1s based upon microprocessor technology, can optimize
this process.

Building pickup characteristics are related to the
thermal mass capacity of the building and relative size of
the furnace. A thermally massive structure with a furnace
sized for steady state operation will have a long plckup
period or period required to bring the structure to indoor
design conditions. Conversely, a thermally light structure
with an oversized furnace will require a short pickup per-
iod. The pickup characteristics of a building remain
constant, can be determined empirically, and then modeled
mathematically. For morning pickup, an ITC compares the
zone temperature with the bullding's pickup character-
1stics 1In its memory. This comparison allows the ITC to
determine the latest time 1t can turn the thermostat to
the day set point and still have the space under control
in time for occupancy. Fig. 6 shows hypothetical building
plckup characteristics as a function of time and space
temperature. At the earllest change-over time the ITC
begins to sample the zone temperature and compare it with

the building characteristics. If the zone temperature
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falls within the area bounded by the characteristic lines

in Fig. 6, then no action is taken. Sampling continues
until space temperature 1is found to be lower or higher

than the characteristic lines at the time sampled. At

this time the ITC will change the zone thermostat to the
day set point. If the bullding pickup characteristics

are accurately modeled, the bullding will be under control
at the time the occupants arrive. If zone temperature 1s
within the dead band at the latest changeover time, change-
over will occur automatically.

For evening changeover, the ITC compares outside
alr temperature with the bullding's drift characteristics
in its memory. This comparison allows the ITC to deter-
mine the earliest time it can turn the thermostat to the
night set point and not have bullding conditlons drift
out of the comfort zone before the occupants depart.

Fig. 7 shows hypothetical bullding drift characteristics
as a functlion of time and outside temperature. The sam-
pling procedure is similar to the morning example des-
cribed above except that outside temperatures found within
the drift envelope will cause the changeover to night set
point. Changeover will occur automatically at the latest
changeover time,

A recent comparison of an ITC and conventional
seven-day cycle time clocks predicted 1life cycle savings

of more than $8,000 in a fifteen year analysis. This was
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for a specific set of economics at a specific building.3u

Proposed installations must be considered on a case-by-case

basis.
Major Control System Conversion

All-air constant volume single zone systems are
inherently simple and as a result reasonably efficient.
The low-cost adjustments, quick f£ix modifications and
minor retrofits discussed above would generally be more
than sufficient for this HVAC system. Barring unusual
installations, major system conversions could not be
easlly justified economically. Therefore, no major con-
versions will be considered for this system.

The single zone system has been a faithful vehicle
to conslder control strategles to conserve energy that
will be employed in most of the all-air systems'to be
considered in the following chapters of this report. 1In
the systems to follow, basic optimization techniques
described here will not be redqveloped, rather reference

made to the single zone description.




CHAPTER III

ALL=-AIR CONSTANT VOLUME TERMINAL REHEAT
The Basic System

The constant volume terminal reheat system shown
schematically in Fig. 8 was widely used prior to the
current energy consclous design climate. A constant
alr volume varlable ailr temperature system, 1t offered
the designer flexibility to serve several individual
zones of both heating and cooling loads from a single
duct supply system._ Flexibllity notwithstanding, the
reheat system provides excellent control of the condi-
tioned spaces under the most diverse loading conditions.
Unfortunately, the energy cost of this type of system
is one of the highest when compared to other typical
HVAC systems.

The reheat system has a central air handler
arrangement similar to the constant volume single zone
system. In the reheat system, however, the alr handler
discharge temperature 1s controlled by a discharge

thermostat rather than the zone thermostat. The set
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point of this thermostat is fixed based upon the require-
ments of the zone having the largest cooling load. A
typlcal value is 55°F. This supply air goes to all zones
regardless of individual zone locad. If certain zones in
the system require warmer air, a zone heating cocil
contrelled by the zone thermostat reheats the air to meet
zone requirements. Therein lies the name reheat and the
energy waste of this system. Energy 1is expended to cool
alr at the air handling unit which is often reheated to
a higher temperature at the individual zones.

The control actions of the space thermostat and
air handler discharge thermostat are illustrated in
Fig. 9. As shown, the ailr handler discharge temperature
control system attempts to maintain the 55°F set point.
A value that 1s fixed regardless of outside or inside
conditions. Simultaneously, the zone thermostat operates
the reheat coll valve to maintaln the zone set point of
7Q°F. Clearly, several opportunities for energy con-
servation through control mocdifications present them-

selves wlth this system.
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Low Cost Control Adjustments

Energy saving adjustments discussed for single
zone systems are equally useful for reheat systems.
Manual shutdown of the HVAC equipment when the building
1s unoccupled; minimum outside alr settings; and adjust-
ing the zone thermostat set polnt as low as possible
are all excellent energy savers. One minor difference
in the case of the reheat system 1is that the zone
thermostat set points should be as low as possible all
year to minimize reheat energy. The one exception to
this would be for zones that will require cooling year
round and seldom need reheat. Set points for these
zones should be at the upper limit of the comfort range.
These adJustments will save energy for a reheat system
as they do in single zcone systems. Results cf energy
savings from unoccupied shutdown are available. Calcu-
lations on a hypothetical office building in Columbus,
Ohio, predicted annual heating and cooling energy
savings of approximately forty-five percent from

28

unoccupied shutdown. Actual results of a shutdown

program for a bullding in Rochester, New York, verifiled
the predicted energy savings of this conservation

measure. 15
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Quick Fix Control Modifications

Automatic thermostat setback 1s effectlve in
reheat system appllications as it was in single zone
systems. Reset of the hot water supply temperature as
discussed 1In Section 2.3 above will also save energy
in a reheat system. Dead band controls and air handler
discharge temperature reset schemes are also productive
and will be discussed further. Fig. 10 shows additions
to the control system (shaded areas) necessary to imple-
ment these modifications.

Fig. 11 demonstrates an important change from the
basic reheat control logic shown in Fig. §. The entire
HVAC system 1s now responsive to the zone thermostat.

The reheat coll supply valve is controlled by the zone
thermostat as before, but also the mixed air thermostat
and air handler discharge thermostat have their set points
reset by the zone thermostat. The highest allowed reset
temperature of the air handler discharge thermostat

would be determined by the zone with the maximum cooling
load. The objective being to use the warmest supply air
capable of handling the worst cooling load. Ideally, zone
A in Fig. 10 would be the zone with the maximum cooling
load since 1t 1s the zone thermostat resetting the
discharge thermostat. In most cases, the zone requiring

maximum cooling changes during the day as a result of
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solar or occupancy variations. The solution for variable
loads 1s to connect the affected zone's thermostat outputs
to a selector which will transmit the highest signal to
reset the mixed air and air handler discharge thermostat
set points.

The energy savings from resetting the discharge
air temperature as high as possible come from reheat
savings at all of the zones requiring heating. The
energy required for reheat at each of these other zones
1s much less if the supply air temperature can be raised
from 70°F to 90°F rather than 55°F to 90°F.

In addition to dlscharge alr temperature reset,
Fig. 11 1llustrates the dead band control theory. Zone
temperatures between 72°F and 76°F cause the reheat
coll valves to be closed and the discharge air thermostat
set point to be at the maximum value. Zone temperatures
are allowed to float In the dead band until they change
enough to actlivate a controlled device. Predicted
energy savings for discharge air temperature reset and
dead band controls will be discussed in the next section

in conjunction with economizer applications.
Minor Control System Retrofit

An economizer cycle, similar to the system des-
cribed in Section 2.4 of this report will save energy

in a reheat system. The fundamental operation would be




the same as described for the single zone system.
Enthalpy override of the dry bulb contrcl would also
be an additional energy saver.

Savings as a result of dead band controls, dis-
charge air reset and economizer cycles applied to reheat
systems have been reported by a number of authors. A
Milwaukee bullding study isolated the savings from
resetting the discharge temperature 6°F from 55°F to

61°F. 12

Thls single modification showed a predicted

simple payback of six months. A study conducted for

the University of California at San Diego predicted

annual heating and cooling energy savings of 79 to 90

percent for control modifications essentially identical

to the systems shown in Figs. 10 and 11.31 Simulations of

buildings in Pensacola, Florida, Great Lakes, Illinois,

and San Diego, California, also predict excellent energy

savings for these modifications.22
Another control retrofilt worthy of discussion is

chilled water reset. As in hot water reset, energy

savings accrue from reduced thermal losses in the plping

system and there 1s also the potential for improving the

chiller equipment efficiency. Increased controllability

is a side benefit of this modification.

Chilled water reset has advantages and disadvan-

tages not encountered with hot water reset. Generally

speaking, for centrifugal chillers, lowering the chilled
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water supply temperature increases the efficiency of the
chiller. On the other hand, lowering the chilled water
temperature may impair the cooling coil's abillity to
handle the latent portion of the air conditioning load.
Qutdoor dry bulb temperature or as one author proposes,
outdoor wet bulb temperature can be used to reset the

chilled water supply temperature.lo

The theory beling
that the latent load on the coil is a function of the
outdoor humidity. This would probably be valid for

buildings having low latent loads from occupants, their

activitles, or other sources. Indoor humidity in builldings

with significant internal latent loads is not as much a
function of exterior conditions and could become a problemn.
In this case, zone humidity levels may need to be moni-
tored. A humidistat override of the chilled water reset
should be provided 1in case loss of humidity control does
occur. Also, in order to insure no zone calling for
cooling overheats, override of the chilled water reset
temperature by the alr handler discharge thermostat should
be provided. Obviously, more factors must bé considered
for chilled water reset than other types of reset.
Characteristics of the chiller, latent loads in the build-
ing and control system complexity are factors that must

be considered when automating chilled water supply

temperature reset.

— oS e i it mstactsicmactl
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Another method of resettihg the chilled water
temperature is by checking the water flow through the
coll at maximum locad conditions. If the control val#e
is bypassing any water at maximum load, then the water
temperature can be manually raised until the valve Jjust
opens completely. This will be the warmest chilled water
that can be used to satlisfy full load conditions. A
method of automating this reset technique for all loads
conditions and a system of colls has been presented in

32 This method of reset does not overcome

the literature.
the potential problems of chilled water reset.
Installation of an intelligent time clock as'
discussed for a single zone system in Section 2.4 of
this report 1s equally applicable to a reheat system.
This minor system retrofit will show similar economics

for both systems.

Major Control System Conversion

A prime candidate here 1s conversion from constant
alr volume to variable air volume. Initlal investment
and installation problems for this conversion would be
greater than for the modifications discussed previously,
but economic payback might be very favorable. Analysis
of a 100,000 square foot structure in New Jersey pre-
dicted energy savings in the range of thirty to forty

percent from converting a constant volume reheat system
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; to varlable volume reheat. Variable volume reheat
: systems will be covered 1in Chapter VI. 13
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CHAPTER IV

ALL-AIR CONSTANT VOLUME MIXING SYSTEMS

The Basic Systems

Dual duct and multizone are two types of mixing
systems commonly encountered. They have the capability
to handle both heating and cooling loads simultaneously
while offering good controllabillity of space temperatures.
Mixing systems produce parallel paths of air, one hot
and one cold, that are blended to produce supply air to
the zone. In dual duct systems, both hot and cold air
ducts extend to each zone where mixing boxes blend the
air to produce supply alr of the proper temperature. 1In
multizone systems, the zone mixing boxes are located at
the central air handling unit where hot and cold air 1is
blended to the proper temperature and delivered to the
zone in a single duct. There 1s no thermodynamic or
psychrometric difference between the two systems. The
type of mixing system employed 1s generally a function
of architectural and economic restraints involved 1n

each specifilc application.
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A schematic of the basic mixing system in the
dual duct configuration is shown in Fig. 12. Air is
provided by the supply air fan to both the heating
and cooling air paths. These air paths are blended at 1
the mixing boxes in response to the zone thermostat
as shown. Fig. 13 exhibits the relationships between ]
zone thermostat output, zone mixing damper position,
cold duct temperature and hot duct temperature. In this
case, the set point of the thermostat is THOF and the
throttling range 1is 4°F. Over this throttling range,
thermostat output varies from 3 PSI to 13 PSI. The hot
air damper position varies from 100 percent open at zone
temperatures up to 72°F to 100 percent closed at zone
1 ' temperatures of 76°F and over. The cold alr damper
position varies from 100 percent closed at zone tempera-
tures up to 72°F to 100 percent open at zone temperatures
of 76°F and over. The temperatures of the dual alr paths
are fixed and maintained by their respective discharge
thermostats. The zone mixing damper posltions illustrate
the blending action of the mixing boxes when the zone
thermostat 1s between 72°F and 76°F. Note that when zone
temperature is within the throttling range, hot and cold
alr 1s always blended to obtain the supply air. This 1s

the fundamental cause of inefficiency with mixing systems.
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! Low Cost Control Adjustments

Energy saving adjustments discussed for single

zone systems are equally useful for mixing systems.

Unoccupled manual shutdown and minimal outside air intake

will save a considerable amount of energy. An energy
conservatlion program on a building with a dual duct
system in Columbus, Ohlo, reported a total metered saving
: of forty-four percent of the annual heating and cooling
energy as a result of unoccupled shutdown of the HVAC

| equipment.3°

Manually ralsing the cold duct temperature
and lowering the hot duct temperature will minimize the
energy losses assoclated with mixing the air streams.
Control of the worst case heating zone and worst case

. cooling zone must not be sacrificed in thils reset process.
Quick Fix Control Modificatlons

; | Automatic reset of the chilled water supply
temperature (Section 3.4) and hot water supply temperature
(Section 2.3) will save energy in a mixing system as in
the systems discussed above. Automatic HVAC equipment

! | shutdown by time clock during unoccupled periods will also |

i | save energy. Dead band controls and air handler discharge
temperature reset schemes are applicable to mixing systems
| and will be discussed further. Schematics of the control

additions and control logic necessary to implement these




air ﬁandler discharge temperature reset schemes are
applicable to mixing systems and will be dilscussed further.
Schematlics of the control additions and control logilc
necessary to implement these modifications are shown in
Figs. 14 and 15.

A comparison of the modified control logic
(Fig. 15) with the basic control logic (Fig. 13) reveals
that the zone thermostats now act to control the hot and
cold duct thermostat setpoints in addition to zone damper
positlons. The zone mixing dampers still blend hot and
cold air 1n response to the zone thermostat in the
temperature range from 72°F to 76°F as 1n the basic
system. The big difference with the modified control
system 1s that the temperature of the air being blended is
nearer 78°F and 70°F than 105°F and 55°F. This blending
of alr streams still wastes energy, but a much smaller
amount due to the smaller femperature differences.
] ‘ It 1s 1mportant to note that the cold duct
thermostat 1s reset by the high signal from the selector
as shown in Fig. 14. Similarly, the hot duct thermostat
1s reset by the low signal from the selector. This
insures that no zone is allowed to get too warm or too
cool. Fig. 15 deplcts the best possible hot and cold
duct temperatures. This situation would occur when all
zone temperatures were between 72°F and 76°F. Predicted

energy savings for discharge alr temperature reset and
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dead band controcls will be discussed in the next sectlion
in conjunction with econcmlizer applications.

Another potential quick fix control modification
has recently been reported. Work at the University of

Illinois on air temperature control 1oops35

in dual duct
applications indicates the air handler discharge thermo-
stats can affect energy consumption. (This 1s not zone
thermostats but the hot and chllled water coil thermostats.)
The throttling range of the air handler discharge thermo- i
stats should be as small as possible conslistent with
control loop stabllity in order to save energy. The
reason for this 1s that coll effiliziency increases as the
control loop feedback error decreases. Small throttling
ranges result in smaller feedback error values. The

Illinois report estimates that in a dual duct system,

! reducing both discharge alr thermostats' throttling range

from 10.8°F to 3.6°F could save approximately twenty
3 percent of the instantaneous heating and cooling energy.

Annual performance was not discussed.
L Minor Control System Retrofit

An economizer cycle, similar to the system des-
cribed in Section 2.4 of this report will save energy in
a mixing system. Control and operation would be the same
as described for the single zone system. The reset

schedule of the economizer discharge thermostat would be




ldentical to the cold duct discharge thermostat reset
schedule. Enthalpy override should be provided.

Savings as a result of dead band controls,
discharge air reset and economlzer cycles applied to
mixing systems are predicted by several authors.
Schoenberger calculated an annual heating energy savings
of twelve percent from economizer discharge temperature
reset.28 Simulations of buildings in Pensacola, Florida,
Great Lakes, Illinols, and San Dlego, California, predict

annual energy savings of approximately forty percent for

these three modifications.22

Installation of an intelligent time clock as
discussed for a single zone system in Section 2.4 of

this report is equally applicable to a reheat system.

Similar savings would result.
Major Control System Conversion

A prime candidate for major conversion is alter-
ing the system to wvariable alr volume operation.
Analysils of converting a large office building in Los
Angeles to variable air volume predicted a thirty-~three
percent annual energy savings.zu Variable air volume
mlxing systems wlll be covered in Chapter VII.

An interesting system conversion reported by

Claremont College involves separating the outside and

return air paths, and using hot and cold supply alr fans.

59



Return air 1is directed to the hot alr path and outside
ailr to the cold air path by air guides or turning vanes.
Metered heating energy savings in the forty to fifty
percent range were recorded as a result of this split
system addition. Control complexity is increased in this
system as a result of flow measuring requirements

necessary to keep the buillding static pressure within

bounds.
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CHAPTER V

ALL-AIR VARIABLE VOLUME COQOLING ONLY SYSTEM
The Basic System

The cooling only variable air volume (VAV) system
was developed to handle multiple zone cooling loads from a
single central ailr handler. The central air handler
discharge air temperature 1s fixed and air 1s distributed
to all zones as shown in figure 16. Each individual zone
1s supplied through a terminal that varies supply air
volume in response to the zone thermostat. Figure 17
depicts a possible relationship between zone temperature,
zone supply air volume, alr handler discharge thermostat
set point, and economizer control loop. Zone supply alr
volume need not be reduced to zero as shown. Rather a
minimum volume of supply alr could be provided at low
zone temperatures by proper setting of the VAV terminal
dampers. The economizer control loop is always on in this
arrangement since this 1is a cooling only central system.
Energy savings at part load conditions result from reducing
the volume of air supplied to the zone. A direct result
of reduced volume 1is reduced annual fan energy consumption.

If heating is required, it is accomplished by an independ-

e mjt
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ent system located at the perimeter of the building.

Fin tube radiation is a common perimeter system that 1is
used with cooling only VAV systems.

Four common methods of accomplishing fan volume
control are: discharge dampers, fan inlet vanes, varlable
speed motors or blade pitch control on in-line fans.
Relative fan power consumption for each of these methods
of volume control for one fan type is shown 1in Fig. 18.ll
Inlet vane control is commonly used and represents an
acceptable compromise between flrst cost and operating
efficlency. Solld-state variable speed motors generally
offer life cycle savings and in some cases could produce
simple paybacks of two years or less when compared to
inlet vane installations.5 The method of fan volume
reduction 1s best determined based on the specific charac-
teristics of the alr handling equipment involved and fan
type.

Control of the central fan volume 1s critical
in this type of system. The zone terminal units modulate
at the behest of thelr 1ndividual thermostats without
regard to the cumulative results of thelr actlons at the
central fan. Statlc pressure in the main supply duct 1is
a function of the operation of the terminal units. High
static pressure, the result of minimum air volume rates,

increases the required fan horsepower and introduces un-
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deslirable flow through the terminal units. Static duct
pressure then, 1s a good candidate for the ccntrolled
variable. A pressurestat is used to operate the central
fan volume controller. The location and set point of

the pressurestat 1s very system specific. Minimum pressure
must be malntained at the most remote zone terminal at

all times. Therefore, the pressurestat must be located in
the system in such a way that the transients from the fan
or local zone terminal boxes do not cause erratic control
action, yet still be close encugh to the fan to sense
overall system performance. Location of the pressurestat

1s often made in the fileld using trial and error procedures.

Another advantage of the variable air volume system
comes about from the diversity of zone terminal operatiocns.
Very few systems will ever operate with all zones demand-
ing full volume simultaneously. Therefore, the size of the
central air handling equipment can be reduced by a diver-
sity factor. Reduced initlal size combined with volume
control that requires the minimum fan power consumption
results 1in an efficient air moving installation.

Variable air volume presents some problems not
normally encountered with constant volume systems.
Attentlon must be given to air distribution patterns and
diffuser performance at low ailr volumes. Minlmum outside
alr for ventilation must be provided for all operating

conditions. Thils may require complex interlocking of fans




and damper motors. Fan selectlon becomes more critical.
Fan operating characteristics must be checked at both
minimum and maximum flow. In addition, control methods
to maintain balance between the supply, return and other
fans may be required. These problems are solvable, with
the resulting HVAC system approaching real energy effi-
ciency. Although a variable air volume system is one of
the most efflcient that can be used a review of energy

saving measures 1s included.
Low Cost Control Adjustments

Manual shutdown of the system when the building
1s unoccupied will save energy in existing VAV systems.
Heating requirements while the building 1s unoccupied
wlill be handled by the independent perimeter system.
Minimum outside air settings will also save energy in a
VAV system. The set polnt of the zone thermostat is also
a good source of energy savings. Manual adjustment of
the thermostat set point to the upper end of the comfort
zone for cooling loads and lower end of the comfort zone

for heating loads 1s Jjust common sense.
Quick Fix Control Modifications

As Iin the single zone constant volume system,
several simple control modifications can be made to save
energy. Automatic thermostat setback, dead band control-

lers, hot water supply temperature reset and chilled
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water supply temperature reset are all excellent sources
of energy savings with a cooling only variable air volume
system.

A primary area to effect savings 1s in control of
the perimeter heating system. This systen must be
sequenced with the cooling such that simultaneous operation
of the two systems does not occur. Fig. 19 demonstrates
control logic that might be employed to obtain the desired
action. As 1s shown, a wide throttling range 1is used.
Perimeter heating 1s controlled by thermostat outputs in
the 3 to 6 PSI range. 2Zcone supply alr dampers are
controlled by thermostat outputs in the 8 to 13 PSI range.
This results 1n a 2 PSI dead band where both perimeter
heating and cool air supply are shut off. This minimizes
energy wasted due to operation of independent heating and

cooling systems 1in the same space.

Minor Control System Retrofit

Economizer cycles ard intelligent time clocks
as described in Section 2.4 of this report are equally
applicable to single zone varlable air volume systems.
Energy reductions would be similar when applied to both

systems.
Major Control System Conversion

All-air variable volume cooling only systems are

intrinsically one of the most efficlient HVAC systems
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avallable. When coupled with a reasonable perimeter
heating system, VAV systems generally willl consume the
least amount of energy of any system 1in common use.36
This 1s only a generallzation, as local climate and
specific bullding requirements may produce situations
where VAV systems would not perform as well as other
systems. For this reason, few 1f any major control system
converslions would be economically feasible. Therefore,

major control converslons will not be considered for this

system.




CHAPTER VI

o e Een gy

ALL-AIR VARIABLE VOLUME TERMINAL REHEAT

The Basic System

The VAV reheat system, shown schematically in
Fig. 20 1s similar to the constant volume system shown
in Fig. 10. The primary difference being the addition
of central fan volume controls and zone variable voclume
terminals. Thils system permits excellent control of
bulldings containing many zones of varying lcads.
Heating and cooling zones may be serviced simultaneously

from a single duct supply system. As with the constant

volume reheat system energy is wasted in heat required

zones as cool air from the central ailr handler 1s reheated.

Terminals for volume control of each individual
zone are operated by the zone thermostat. Fig. 21
depicts a possible arrangement of reheat valve and damper

! positions relative to zone thermostat output. As shown,

the reheat coll valve 1s operated at 3 to 6 PSI thermostat
output. The zone terminal damper operates from full open

to a predetermined minimum position at thermostat outputs

from 13 to 10 PSI. In the dead band from 6 to 10 PSI
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onl& minimum alr volume 1is supplled to the space. Also,
shown 1s the economizer discharge thermostat set point
reset schedule and the air handler discharge thermostat
set point reset schedule. These two set point reset
schedules are coincildent. Thermostat set polnt reset from
70°F to 55°F occurs at thermostat outputs of 10 to 13 PSI.
The result of these reset schedules, valve positlons and
supply air volumes on the zone terminal discharge tempera-
ture 1s also shown in Fig. 21. Minimum fan energy and
thermal energy 1lnput at the air handler is required in the
zone temperature range from 72 to 76°F. Reheat energy 1is
not permitted untll the zone temperature drops below 72°F.
The most economical sequence of varying zone supply air
volume and zone supply alir temperature 1s dependent upon
the specific characteristics of each installation.

Control of the central fan volume 1s critical
in this type of system as 1t was 1In the VAV cooling only
system. The same kinds of central fan controls will be
used in the VAV reheat system. Opportunitles to save

energy with VAV reheat are discussed in the next sections.
Low Cost Control Adjustments

The adjustments for this system would be the same
as for the constant volume reheat system. Manual shutdown

of the HVAC equipment when the building is unoccupied;

minimum outside air settings; and adjusting the zone
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thermostat set polnt are all excellent energy savers.

Quick Fix Control Modifications

The following modifications are effective energy
savers In a VAV reheat system as discussed in Section 3.3
of this report. Automatic thermostat setback; reset of
hot water supply temperature; dead band controls; reset
of the air handler discharge temperature; and reset of
the economizer discharge temperature are all valld energy
savers. The schematic in Fig. 20 and control loglc in

Fig. 21 demonstrate the interactions of these modifications.
Minor Control System Retrofit

Economizer cycles and 1intelligent time clocks -
fall into this realm. Test results of measured energy
savings as a result of applying these measures to VAV
reheat systems are not avallable at this time. However,
it follows that these measures will save energy in this

system as they did in the constant volume reheat system.

Major Control System Conversion

Elimination of the reheat aspects of this system
is the primary major change that can be looked at for
a VAV reheat system that has undergone all of the above
improvements. Specifilcally, the bullding's perimeter
zones can be provided with an additional heating system

that 1s sequenced with the central alr system such that




they didn't operate simultaneously. In thls manner, the
reheat colls can be eliminated. The resulting VAV system
would operate in a ceoollng only mode, with heating loads

handled by the perimeter system when required.
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CHAPTER VII

ALL-AIR VARIABLE VOLUME MIXING SYSTEM

The Baslc System

This system 1s identical to the constant volume
mixing system shown in Fig. 14 with the addition of
central fan volume control. Central fan volume control
would be accomplished as described in the preceding
chapter for VAV reheat systems. The central equipment
discharge temperatures would be controlled and reset in
the same manner as shown 1in Fig. 15. Varying the air
volume supplied by the mixing box is a simple matter of
changing the sequencing of the zone damper positions.

Fig. 15 shows a schedule of operation of a
typlcal set of zone dampers in the constant volume mixing
system. The hot air damper modulates from 100% open at
72°F to closed at 76°F. The cool air damper modulates
from closed at 72°F to 100% open at 76°F. Consider now,
Fig. 22 which depilcts the control loglc for a zone in the
VAV mixing system. The schedule of operation of the zone
mixing dampers is nearly the same. In this case, however,

the hot air damper modulates from 100% open at 71°F to
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closed at TSOF. And the cool alr damper modulates from
closed at 73°F to 100% open at 77°F. The effect ¢f this
sequence change on the zone mixing terminal discharge air
volume and alr temperature 1s shown in Fig. 22.

The temperature of the mixing terminal discharge
alr tracks the hot duct temperature and cold duct
temperature except in the zone temperature range from 73°F
to 75°F where the two alr streams are blended. In this
range, the temperature of the mixing terminal discharge
alr will fall between the hot and cold duct temperatures.
Of course, mixing hot and cold air to obtain tepid air
wastes energy. The amount of waste 1is minimized, however,
by narrowing the temperature difference between the two
alr streams as shown in the reset schemes in Figs. 14
and 15. Energy waste can also be minimized by lowering
the volume of air actually mixed.

Fig. 22 shows the alr volume delivered as a
functlon of the zone temperature. Air delivered in the
zone temperature range of 73°F to 75°F is shown at 40%
of maximum volume. This percentage is easily adjusted
by sequencing the zone dampers in the terminal to open
and close at any desired zone thermostat output. For
example, a zone that is not continuously occupied might

have the terminal dampers set up to provide zero flow at,

or a range around, the zone hermostat set polnt.
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Conversely, an area with a continuous known load such as
lighting in an interior zone can be set up such that the

minimum calculated volume of air necessary to handle the

cooling load 1is always provided.

The most economical sequence of varying zone
supply air volume and zone supply alr temperature 1is
dependent upon the speciflc characteristics of each

installation.

Low Cost Control Adjustments

Unoccupled manual shutdown; minimal outside ailr;
and manually raising cold duct or lowering hot duct
temperatures will result in significant energy savings
in any system not already incorporating more sophisticated

controls.

Quick Fix Control Modificatlons

H, Automatlc reset of chilled water supply tempera-
ture; automatic reset of hot water supply temperature;
HVAC equipment shutdown or set back by time clock; air
handler discharge thermostat set point reset; and dead

band controls are control modifications applicable to

this system. Refer to Chapter IV for more complete

descriptions of these control modifications.




Minor Control System Retrofit

An economizer cycle with enthalpy override and
automatic reset of the discharge temperature should be
looked at as a potential retrofit project for the VAV
mixing system. Also, an intelligent time clock would
produce energy savings simllar to those discussed in

Section 2.4 of this report.
Major Control System Conversion

Separation of the outside and return alr paths
by air flow vanes 1s a possible energy saver for the
right system. This conversion was discussed in Chapter
IV for a constant volume mixing system.

Complete elimination of blending air for zone
supply 1s necessary to eliminate energy waste in this
system. One solution to this problem is to eliminate
the hot alr path entirely, substituting a perimeter
heating system instead. The perimeter heating system
would be sequenced in such a manner that the cool air
and heat would not be provided simultaneously. The
resulting VAV system would operate in a cooliné only

mode, with heating loads handled by the perimeter sys-

tem when required.




CHAPTER VIII

EQUIPMENT FOR IMPLEMENTING
NEW CONTROL STRATEGIES

The control system hardware necessary to conserve

energy in existing buildings is available from most HVAC 5
system manufacturers. Thermostats, humidistats, pressure-

stats, transmitters, controllers, motors, and time clocks

- ———

necessary to accomplish the modifications discussed in the

preceding chapters have been available for many years.

These devices result in basic local control of HVAC
functions. More sophisticated controls such as micro-
processor based intelligent time clocks and central
monltoring systems enhance energy savings over basic

localized control to some extent.
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The primary advantages of microprocessor based
central control systems derive from the abllity to
accomplish much of the monitoring and required control

actions from a central point rather than actual savings

in energy over an optimized local control system. These
systems offer tremendous advantages to the maintenance
staff by allowing more efficient use of personnel and

providing complete and accurate data on which to base




operatlonal decisions. Energy monitoring and control
systems offer several services in addition to control
of the HVAC system. Primary among these are demand
limiting, data collection and storage, utilities
metering, security monitoring, life-safety systems and
preventive maintenance notifications. The combined
services offered by central monitoring and control
systems are extremely attractive and have resulted in
"their increasing use 1in new facility construction.

The tendency to lnstall the best and most recent
state-of-the-art HVAC control system must be reviewed
in light of what the system can really accomplish and
what needs to be done. If on and off control will do
the job, install a time clock not a central system.
Keep the controls as simple as possible and still

accomplish the required control action. Economy,

effectiveness, and reliability will follow.




CHAPTER IX

CONCLUSIONS

Well designed control systems offer many
oppcrtunities to save energy in existing buildings.
Since buildings are unique in design, use, construction
and location, generalizations are difficult and ex-
ceptions will appear for every rule. The fundamentals

of good control strategy have been well stated by

Spethmann33 in his four principles of control for energy
conservation:

1. Run equipment only when needed;

2. Sequence heating and cooling, don't supply

both at the same time;

3. Provide only the heatling and cooling
actually needed;

4, Provide heating and :zooling from the most
efficlent source.

Application of these principles will result 1n efficient
control systems for most HVAC systems.

Constant volume all-alr HVAC systems have been
thoroughly covered in the literature. The most effective

control strategles for these systems are well established.

Much less has been written on variable air volume all-air
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systems. Of partlicular interest would be studiles of the
most efficient sequencing of supply air volume and supply
alr temperature in VAV reheat and VAV mixing systems.
Since both of these properties can be varied to respond to
changing load conditions, it follows that there must be a
most efficient combination of temperature and volume for
any given system and load. If the most efficlent combi-
nation for a class of VAV systems could be predicted, then
control strategies could be developed to optimize typical
VAV installations.

Key considerations in control modification
programs are comfort levels and control complexity.
Considerable savings in annual energy consumption can
be realized by 1mproving the control of HVAC systems.

Thls energy savings should not be obtained by sacrificing
the occupants comfort, or by making the system so complex
that 1t is difficult to install and maintain and thus
becomes unreliable. Thils 1s a difficult area, since

both comfort and control complexity are somewhat subjective.
General guidelines in thils area are to keep the throttling
range of the room thermostat within the comfort zone
established by ASHRAE in their comfort standard2 and o

keep the control system as simple as possihle and sti.l

accomplish the required control action.
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The advantages of control modifications to save
energy include minimum disruption of an occupiled
faclility during installation of the new controls and
minimum costs of implementation. The low cost adjust-
ments and quick fix modifications discussed in this
report offer significant energy savings for little
investment of money. Control modification compares
favorably with architectural or other modifications to

existing structures to save energy.
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