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A response .
to the proposal of an
energy effectiveness

factor, Ee

By JAMES M. CALM, PE Energy-and Envaronmenml Systems’
Div., Argonne National Laboralory. Argonne”lll

In the August 1976 issue of Heating/Piping/Air Condi-
tioning, -an energy effectiveness factor, Ee, was pro-
posed as an evaluatlon funcuon permitting. companson
of alternate integrated conversion systems*. This arti-
cle représents a résponse to that proposal and is based
on work sponsered by the Office of Enérgy Conserva-
tion of the Energy Research and Development Admin:
istration (ERDA). We shall define a coefficient of per-
formance for integrated energy systems, discuss some
problems:assoéiated with the Ee cancept, and compare.,
the Ee and COP approaches.

A} The accepted practice in performance evaluation
is to ‘compare the useful outputs or products to the
energy inputs required to obtain them. Both the conver-
sion efficiency, n,.and the coefficiént of performance,
COP, as well as its dimensional form, the energy effi-
ciency ratio EER, follow this form. The COP differs

from v in that.* free. source input energy such as heat

from the ambientiair is not included as an energy input
for heating. For the cooling COP, the useful output is

*Coud, William J., *'Epergy Efféctiveness Factor,” Heafing/

PipingiAir Conditioning, August.1976, pp. 35-38.

$Editér’s note: This discuision is arbitrarily divided into Sections A
through. M us.designated by bo!’dﬁ:ce letters, as is Mr. Coad’srebiu-
tal: Cross referenice o like lettered sections in the two arrrc!es will
iniake it easier to'fotlow the criticism fmd rebuital on. :pef:if ic poinls.

Arebuttal |
to the suggested use
of a COP value

in lieu of Ee

By WILLIAM J. CO»\D PE, Vice President,
Charlés J. R. McClure & Assdcidtes, St. Louis; Mo.
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This discussion is presented as arebutial to Mr. Calm’s
eritique, in which he proposes a newly defined teérm of
‘coefficient of performance to be applied in liew of our
previously proposed Ee. (To dlsnngmsh his. COP, we
Shall present it in boldface when using. it as he has

_defined it.)

A, Let us first consider the introdiictory argument
concerning the term of combined plant efficiency, ,
where:

m = (E + H)F

Although there s no question that electricity is-a
higher quality form of energy than heat, the two are
interchangéable in the degrading: dlrectlon That is,
electricity can be used or degraded to heat, producing
the direct thermal conversion of 3413 Btu per KWH.
This is-done intentionally in. many energy comimunity
systems, but where it is unintentional, the first law will
ultimately create the cascading effect, As the electricity
is‘converted to use for lighting, it is converted to heat;
as.it is converted to power use, the mechanical energy
from the motor shaft is eventually found in the form of

i

‘heat (generally resulting from friction, either molecular

ar boundary) and ih transmission systems or power

conversions, all losses and inefficiencies uitimately

convert to heat. Thus, it is.totally valid to add the two
forms as. proposed in the above equation.

B. The first *‘problem™ cited by Mr, Calm, togeéther
with its examples, demonstrates precisely the pitfall
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Fuel {F}
12,0 x 10° Bty

1 First law balance diagram for
total energy system A

that the concept. of energy effectiveness’ fattor was
intended-te prevent: The argumerits aré:

¢ The characteristics ‘of combined plants are such.
that it would be very difficult to obtain the'somewquan-
utanve value of combined-efficiency with the different

“mixes’’ of product shown.
» Assuming thesé options were available, two cases

are impligd by the example.

CASE 1. Assume the community has a nged for3 GB
thermal units-and 2'GB electric units {power and light-
ing). The plant; however, achieves the optimum com-
bined effictency when producing the mix of 2 GB ther-

mal units and 3 GB electric units. Under these condi--

tions, the plintcan be vperated at maximum ‘combined
eff'c:ency and the ! GB eleciric- energy convertéd to

thermal ¢ energy at the point of use. (This technique has

been used extensively to optimize combined efficien-
cies in such plants for some years.)

CASE 2. The optional methods imply that the needs
of the eriergy community served by System A are 3GB
electrical (assumed power and light) and 2 GB ‘thermal.
Under the premisés stated —i.e. , optimally elecmc:ty
could be converted at.a time. mtegrated thermal -effi-

-ciency of 0.3 and heat at & timeé integrated thermal

efficiency of 0.6.— the fuel requiréd to serve the com-
munity would be 13.3 x 10° Bti1, Using thie Fe coricept,
lh]S would reveal:

= (3 + 2)!13 3 =037
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the E’oi)!ihg, produced er heat removed, und the energy
input is ‘considered to be anly the work or energy re-
guired toprovide the cooling. Thus, while 1 is based on
the first. law of thermodynamics, COP"is not, becanse
“*free” energy sources orsinks such as ambient air hieat
are not.included in the calculations.

A su-nple extension .of this approach to integrated
energy $ystems would be:

wW=E + H)F '
where

E = glectric energy input, KWH*X 3413"Btu per KWH

H = heating enefgy output, Btu

F = fuel energy input, Btu

B. Two problems arise with this approach. The first is
that because electric. erergy and heating energy are,
produced by thermodymmzcally irreversible processes
and aré not in the same energy form, their thermal

)'-:

values or tht:es are not equal ‘Becaiise of this, a |

comparison of systems based on 7 ratios is limifed to
systems for which the ratio E/H is the same. A simple
illustration of this is given by comparison.ofFigs. | and
2, both. of which are integrated heating and cooling
systems with the aggregate inputs and outputs shown
for a one-yedr period. For these illustranons thc effi-
ciencies would be:

= (3 +2)/12 =042

Since this is less than the combined plant quotient of
0.42, the Ee evaluation reveals that the best method of
serving this load is with the combined p]am

Contrarily, with the Systém B product mix requ:re-

.ment, the Ee for the alternative method of serving the

community -4s: o
=(3 + 2)/11.7 = 0:427 i
Since this is greater than the Ee for the combined
plant 0. 42), the: preferred method for servingacommu-
nity with this mix i§ the proposed alternative.

C. These two cases reveal the: validity.of the Ee
concept whei apphed o alternatlve methods.of’ serving
Concernmg the closing’
statementofthe first **problerm,”” the logic escapes me.
The time integrated combined efﬁcuenCy (numenca]ly
identical to Ee) hus served -precisely the function in-
tended: it has served as an evaluation function to show
that combined plants with the indentica] Ee‘are not:the
preferred method of serving all energy community
product mix requirements!

D. Thie statement of the second suggested **problem™"
apparently réveals an oversight in the reading of the
original article. The denominator term, ¥, was spemf—

" ically defined as follows: “Thé input fuel energy, F, is

expressed. das the hlgh heat value of the depletable en-
ergy resource, (fossil or nuclear fuel) consumed by thé
plani {or community) annually, Sinc‘eﬁ-this}‘energy flowis
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Cdefficient of performance

na =2+ 3)/12 =042
where 1, and n are the efficiencies of Systems A and B
(Figs. 1 and 2), respectively. Thus, both systems have
identical fuel efficiencies and fuel inputs. If these inte-
grated systems are compared to nonintegrated systems-
using typically encountered seasonal efficiency values
of ng = 0.3 for electricity and n,; = 0.6 for heating, the
fuel requirements for Systems A and B, F, and Fy, to
produce the same outputs would be:

Fa= (EMmg) + (Hmy)
(3 3¢ 10%0.3) + (2 x 10%0.6)
13.3 x 10° Btu
(Emg) + (Hiny)
(2 x 10%0.3) + (3 x 10%0.6)
11.7 x 10° Btu

C. It should be obvious that in these examples inte-
grated System A (Fig. 1) is more advantageous than the
nonintegrated system in terms of fuel resource re-
quirements. This is not true for System B (Fig. 2), even
though its fuel input and efficiency are identical to those
of System A (Fig. 1). Thus, it can be seen that effi-
ciency, n, may not be used to compare systems with
different product mixes.

D. The second problem with using n for integrated
systems is that if part or all of the heating output were

Fpy

ectricity:(E
86 MwH ¥

Fuel (F)
12.0 x 10° Btu

2 First law balance diagram for” !
total energy system B.

Energy effectiveness factor

in the same direction as the product flow f, [then] f
= F.¥|

Thus, F was specifically defined so as not to include
so-called free energy. As an example, looking at Mr.
Calm’s first example, if a solar collection/utilization
system reduced the input fuel energy to 8 GB, the Eé
would increase from 0.42 to 0.625! This is a truly valid
way to recognize the value of utilizing solar energy!
Contrarily, if the auxiliary power requirements of col-
fecting, converting, and storing solar energy resulted in
an increase in the fuel input, the Ee would decrease,
revealing that the solar energy collected was counter-
productive to resource conservation.

E. Mr. Calm’s proposal simply to numerically add the
output energy products, divide by the fuel input, and
define the quotient as COP is worthy of some rebuttal.

First, from the standpoint of semantics and custom-
ary engineering terminology, COP has classically been
rigorously defined as the ratio of refrigeration system
external energy input from the low temperature sink to
the high grade energy input required to create the en-
ergy flow motivation from the low to the high (reject)
temperature. To simply introduce a totally different

meaning for the same expression is not valid in keeping
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with the fundamental tradition of physics as a science of

exact definition.

Second, it is not valid mathematically to add the
cooling energy to the higher grade forms as was done in
the second COP equation, to wit: .

COP = (E + H + C)IF

This situation is different from Mr. Calm’s opening
discussion of the time integrated thermal efficiency
equation: cooling energy is not convertible to heatirrg or

‘electrical, and electrical and heating are not directly

convertible to cooling as is electrical to heat. The
Clausius statement of the second law of ther-
modynamics expresses this phenomenon quite clearly:
**No machine whose working fluid undergoes a cycle
can absorb heat from one system, reject heat to another
at a higher temperature and produce no other effect.”
Thus, either the heat energy, H, or the electrical en-
ergy, E, can be converted to the cooling form, C, only
through a second law process in which the E or the H is
the ** other effect.”” Herein lies the absolute require-
ment to include the classical COP term, defined as the
refrigeration effect divided by the external energy in-
put: :

COP = C/IE or H .5

E orH = CICOP : .

In commercially available air conditioning refrigera-
tion machinery, compression machinery (powered by
relatively high grade energy in the formof electricity or

Heating/Piping/Air Conditioning, August 1977
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- where

“rather a simple ratio of useful products.”

produced by acollection process from a . ‘free* sourcc.x
such as a solar collection or heat pump system, l’dth{’l'
than by a-fuél conversion process, n would count the
free™ source enérgy input with the fuel mput in lhe
denominator.

E. This.objection is easily circumvented by asing 4
COP for which F would not include'the *'free™ energy:
" COP ={E - AOF

If the integrated system were-also w include cooling,
the pérformance measure would requiré that the cool-

.ing be treated as a product, even though it is a thermal

system input. Thus, the COP could be calcilated as:
COP = (E+ H + C)IF

C = cooling énergy input, Btu
Note thdt E and H were defined as energy outputs;
while € is as anenergy input, even though all are.system

prodicts.
For Fig. 3, the: COP would bé:
COP = (3. 413 + 3 +-0.6)/11.38

. = 0.62
F. Before proceeding further, three observations
are in order. First, the earlier cited restriction of this
COP value to comparisons of systems with the same
product ratios would still .apply because of the dif-
ferences in the thermal qualities of the products. Sec-

prime mover shaft power) has a range of COP of ap-
proximatély 2:20 to 4.71 depending on the machinery
and the. duxlhary devices includéd in the calculation.
Fot thermally motivated machinery, the range is ap-
proximately 0.5 to 1.0. ~

‘With this fundamental concept in mind, the key phi-
'losophy of the development ofythe orlglnally proposed
energy effectiveness, factor was to retain all s«:lentlfc,
and mathematical integrity and redefine the outputs of
the integrated plant in terms.that were consistent —
produicis. The “values™ of those. products were ‘then
summed and divided by the input product, achieving a"
quotient based on defensible techriques, with no ré-
strictions. The method by its very nature.is a compara-
tive evaluation parameter. Thus, it is applicable to 1)
'evaluatmg comparative methods (mcludmg alternative
integrated plant designs) of serving the same -energy
commuiity; 2) evatuatmg the value of the integrated.
plant approach for one energy’ commumty as compared
to 'another; or 3) comparing the actual performance
EI.Ch.IEVCd to the performance anticipated in planhing.

F. Following his third COP equation, Mr. Calm
states, first, that there are.restrictions-to-the use of the
proposed COP concept. Such restrictions-do not apply
to the Ee concept.

‘His second observation is that *‘the COP suggested
here, as any COP, is not a first law based measure-but
However, the
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ond, the COP-suggested here, as any COP, is not afirst
law based measure but® rather a'simplé ratio of useful
products to workiinput:réquired to obtain the products '
‘And third, the COP may be calculdted for any time

..per;o_d deswe_d {e.g., peak cooling hour, peak héating

day, transition month, annual operation. etc.), pro-
vided that the same period is nsed forthe fuel measure-
ment 25 Tor the aggregation of each of the produ.. Is.
G. The ensrgy effecuveness factor. Ee, proposed in
the August 1976 issue of HPAC, differs from the above:
CQOP only in its treatment of the cooling component. 1h
the E¢ proposal, coolmg is noted as:a first lJaw thermal
inpuft, even though it is a system product owsput. To
resolve this phenomenon, the Ee.proposal suggests that
the product valug of the cooling, ¢, be computed as the |,
cooling required divided by the COP of community

refrigeration system(s), (COP),. The proposal further

suggests that the’ (COP), be set at'the values established

in ASHRAE Standard 90-75. The energy effectiveness

factor was thus. presented as:* .
=(e +h+0o)f
where : -
¢ = E = annual electric energy output, KWH X

COP of 2

‘energy,”’

*The E¢ a8 pre.r.emcd in the ‘August 1976 article showed lhe Ee
numerator: as the product.rather than the sum of the dutputs. This
typographical érror was'subsequently corrected in the Octoberissue:

techmque ofaddirig’energy outputs-and inputs mathe-

‘matics in the proposéd numerator confused the value

of the products;.herein lies the invalidity. If a unit
of refrigeration were required by the community and
the central plant provided for this in the form of chilled
water, the numerator term would be unity. If, how-
ever, the ¢entral plant prowded say, electric power
that could provide the same unit of refrigeration at a
2, the numerator térm would be 0.5, a more
realistic term insofar as the Comparative. value of that
producl is concerned,

* Regarding the third observanon the time period con-
‘cept presented is 'xpphcable to any evaluation function.
Inclusion of any specific time period simply converts a
power function to an energy function (thus, the dif-
ference between classical thermal efficiency versus
time integrated thermal efficiency).

G. Inthe Ee:concept, itwas récognized that ”coolmg
from a. first law balance concept, eriters the
plant, This recognition is fundamental and cannot be
ignored; it is,a.simple law of physics. First law balance
can and legltnmate!y should be performed onany energy
conversion system including stralght degradation (fuel
to heat or electricity to hieat), power conversion (fuel or
heat to shaft or electncny): or refrigeration (shaft or
heat to move enérgy from a low level to a hlgh level}.
This phenomenon cannot be legitimately ignored. The
classical definition of COP does not ignore the fifst law
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- Coefficient of perfm‘*nia'née : .

3413 Btu per KWH Y
fi = H = annual heat gnergy output, Btu’
C. = annual coolmg energy input, Btu
6= CCOoP),

f'= F =-annual fuel energy input, Btu

The product diagram for the system'of Fig. 3 isshown
in Fig. 4, for which the: -energy efféectiveness factor’ as
calculated in the Ee proposal is:t

= CHCOP); = (0.6 x 109/1.8 = 0.33 x 109
=(3.413 + 3 + 0. 33)!11 38
- =0.59

H. There are several problems dssociated with the
proposed Ee using the ASHRAE Standard 90-75 values
for (COPY,,

I. First, the 90-75'COP values are minimum rather
than typical. Tables 6.2, 6.4,.and 6.5 of 90-75 prowde
that the COP values will beincreased beginning in 1980,
so-it is-appdrent that the COP values are consérvative

for the present. An Ee comparison of-alternative. inte-

grated systems using (COP),'to nonintegrated systems
with typical COP ratings wotild; therefore; provide an

}Fig. 4 i§ Fig. 4b of the- August 1976 HPAC aruc]e, with a minar
‘céirection for ¢!
c= C)'(CQP):, = 0.6/1.8 = 0,33

Energy effectiveness factor

or suggest the addition of pesitive values and negative
values; it simply expresses-as a-quatient the ratio of an

dbsolute valué of a low level thermal product power:

obtained to s motivating thermdl product power input.
Similarly, the classical definition of thermal efficiency
(also for a “‘second law’’ process; [.e., heal enging)
.expressed as aquotient the ratio of-a lhermal producl
power output to a thermal product power tnput.

It is when an attempt is.made to sum cycle input
energy and cycle output energy that the “‘product”

value must.be clearly identified. The onglndl article
simply ‘attempted to- point out tHis significance and
stated that the analyst applying the ¢onéepr must Fec-
agnize it and app!\ a produet valive conversion, the
c',!r igeration cycle COP, tolegitinitize the'evaliation.

H. The origindl article stated **. . . the numerical
vilue of (COPL must be ﬁxed at a Ievel commercially
available in community systems.”” The suggestion that:
(COP), be setat the values in ASHRAE Standard 90-75
was simply that — aisuggestion. These valdes:are in no.
way related to.the concept of Ee. The quoted statement
should stand on its own regarding the concept.

I. In the first of his four points of discussion, Mr.
‘Calm states that *‘an £e comparison. of alterhative:inte-
gratcd systems using (COP), tor nonintegrated systéms
‘With typical COP raungs would, therefore, provide an
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unsupperted advantage to the integrated systems.

J. Second, an application of the E¢ for a'commuisity
would require distinction between the various cooling
system sizes, types, and inpul energy sources rathér
thafi the usé of"a single value for (COP)S For example,
the (COP), for ‘cooling systems over 65,000 Btuh would '
be 2.0 rathesthan 1.8; heat operated cooling equipment
would use 0.4 if c_h.rect fired and 0.65 if indirect fired.
The conversion of C'1o its product value ¢ would there-
fore betoine a sizable analysis for a large community.

Third, the 90-75 COP values are for prescribed rating
conditions givem.in Tables 6.1 and 6.3 of the Standard.
The Ee' would therefore be limited to application at |
those conditions, but they are not applicable to annual
operation for which Ee¢ was suggested:

K. Fourth, the Ee was preseiitéd as an evaluation
‘fung:tl,on consistent ‘with the first law viewpoint. As
such, heating in the integrated systém, if provided by a
solar collection or heat pump cycle rather than by en-
ergy’donversion, would require a product valuesadjust-
mént similar to cooling 1o be consistent.

L. Finally, even if appropriate (COP)s values ‘were
usedanda product value were calcilated for the heating
output when warranted, the Ee would still be limited to
comparisons of systems with the same product mix °
ratios. Demonstration of this comparison limitation is

unsupporied advantage to'the integrated system.”’ This
should be discussed. If, indeed, the COP values of the
cooling systems utilized.in acommunity arefow (*‘typi-
cal COP ratings’"), otherthings beingequal, more fuel is’
consumed to provide agiven unitof ceoling, resulting in
alower Ee! Thus, from the standpoint of energy utiliza-
tion effectiveness; the: low COP apparatus pays the
price. If, bnthe other'hand, one integrated plant is being
compared to the anticip‘a’ted‘or predicted performance,
the numerical value of (COP)yis 1rrelevant ,as long as it
is consistent.

T Regardmg the sccand and thll'd points, to obtain
the most valid eva[uauoﬁn‘ the mix of community refri-

geration unit sizes that would be employed if con-

verted within thie Commiunity should be understood and
mathematically averaged if the 90-75 values are being
used. It is true that the annual or seasonal refriger-
ation COP {energy base) will not likely be equalto the
rated COP (power base). Unfortunately, reliable data
on thé energy related COP are not available, and cor-
rections for this must be Judgmenl factor inputs on theé
part of the analyst. (ASHRAE is currently organizing a
standards panel to draft Standard 103.1—P, “Methods‘
of Testing for Cooling Seasonal Effu:nency of
Unitary Air Conditionérs.and Heat Pumps.™) '

K. The fourth pointisinconsistent with the Ee thesis..
Earlier comments regarding solar energy should
adequately address ‘this point.

Haating/Piping/Air Conditioning, August 1977
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Fuel (F]

11,39 % 109 Bty Heat'(H)-

::"'%‘3"0 Py Btu

W08 x 1C!g Btu

3 First law balancé diagram for -
electric, heating,-and coolmg systern.

Fuel {f).
11.38

4 Product diagram for electric,
" heating, and cooling system (Fig. 3).

identical to the garlier illiistration for the.n comparisons
using. Syslems A and B-of Figs, 1'and-2, (Assuming that’
the heat’ produced in Systems A and B was provided by
energy conversion rather-than by-a heat pump or other
“free’’ energy source, the Ee values for these'systems
would be equal to the n-and COP values.)

1. Earller statements regardmg example Systems A
and B should adequately clarify the:final critique.

M. The proposed. COP evaluanon appears 1o be
somewhat lacking in philosophical concept and difficult”
to defénd mathematically and conceptudlly. The nu-

" merical’or guantitative values obtained are-identical to

those utilizing the energy effectiveness factor, £e, with
an assumed (COP), of unity! This *‘simpler’ " function,
pays for its simplicity in-use limitations. The, originally
proposod Ee function can be reduced to the simpler
form in those cases where such reduction is justified,
but'it’can-also be utilized in it¥less™ ‘simple’” format by
competent analysts when the simplifying limitations are
not justified.

In the original article we stated — and this is a furida-
mental requirement-— *‘the boundaries of the system
being evaluated must be.carefully defined . . . . In con-
verting from the first law concept to-the product con-
cept, the boundaries must be he!dfxed " This bound-
dry concept’ is a geérmane rule of any comparative en-
ginéering analysis!

Consider, for example, any energy community with
electric and cooling requirements of 4 GB each), served

by a combined plant having a fuel input'of 20 GB. Mr.~

Calm's proposed COP would have a value. of:,

COP = (4 + 4)/20 = 0.4

If the same community needs were provided for with.
unitary'cooling apparatus at 1.76 KW per ton {COP = 2),

Heating/Piping/Air Conditioning, August 1977
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M. Given this constraint, it is not clear that the Ee
offers any advantage over the integrated system COP
suggested earligr. Wheréas the Ee calculation entails
considerably more effort and is subject to challenge of
the values used for (COP),, the simpler evaluation fing-

thl‘l would appear to be the preferred choice.

the energy requirements from-the electric generating
plant would be a total of 6 GB. At a conversion effi-
ciency of 33 percent, the input fuel would be 18 units,
and the proposed COP-would be:.

COP = 6/18 = 0.33

Thus, we would havea higher COP forthe optlon that
consumed more fuel energy! Herein lies. the fallacy.

An analy51s utilizing the-energy ettectiveness factor
concept would assign to the coolmg producl of the,
‘integrated plant a value of: S

c= CHEOP), = 4/2 =2 i

-Then, o

Ee = (4 + 2420 T
= 0.3

ThlS, being lower than the. 0.33 for the optional
chicice, is consistent with the phenomenon that the
céntrat plant is a less effective way of prowdmg forihis-
community.

In summary, consideringthe £e concept of thé thesis
and the COP concept of the antithesis, a synthesis ap-
pears-to be a specific definition of COP that would serve
‘to validate bothiits, logic anduse; When the comparative
andlysis is such that the quannnes and forms of energy
products crossing the boundary between the commu-
nity antd the eénergy plant(s) areﬁred the (COP);of the
energy effectiveness factor éan be set at udity and the
resuhmg eviafuation function defned as coefficient of
performmzce (COP).
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YOBERT A. KEGEL, PE,

President, Hevac Engingering Inc.,

on of K.G.M. Engingers,

‘some  arcas,
_recognize some inequitable distii-

expenditure of ‘energy,

2,

mtehs.ity of

e energy is consumed by the construction of a
lding than will be used in many years of operation.

Americans. have lived in a very

affluent society for many genera-

tionis. ‘Wé have. learned to Enjoy
and také for granted dn over-

abundince. of 'e‘ﬁengy, food, water,
wnd natural respurces. We consuine
‘a prodigious ameunt of commaedi-

ties during the course of our every-
day life. 1t is part of human nature
to be free in spending, in consum-

ing, and; I'm afraid, ‘in- miusiag

§uch vital comriiodities a§ energy.
Nations who db. not possess these
necessities in such abundance have
learned (us we have not) to con-
serve, rpation, and use wisely.
New Tor the first time in con-
temporary history, we are- begm-
ning to experience shorfages in
namcly energy. We

buition, allccation problems cauvsed

in some cases by the overinvolve-
‘ment of some government systems,

and deliberate tampering with the
free market system. These, how-

_ever, contrary fo thé ultra-conserva-

tive eritics of the “establishment”

ai¢ not the-only causes. Other fac-

tors include: the prodigious appe-
tite of the American copsumer, a
tendency to, misuse material wealth,
and recalcitranee to ration personal
In short,
we are all to blame for the current
energy ‘prablem!

Those of us who consider our-
selves to be realists are cohvinced
that an energy erisis exists—not
only exists, but is getting worse. If
the prc:b!crn continues, it will be
a rcal deterent to the p0]1cy of
continued econgmic, grewth. There

are those who do have. problets
admining “that thete 15 a crisis and
that the super abundant life en-
joyed by the privileged- of the world
{eitizens, of -the United States and
Canada)} is Ihreq.tgme:c_l. These peo-
ple wear rose colercd glasses,

L am not saying that the “sky is
falling in" or that we should ré- .
virl 6 a pré-gutomobile existence
—not at all! Dépending: upon the
source of the data, ‘there s still
gdequate: sources of fossil fugl—
coal, ail, and natural gas. But. the
questions must’ be asked: How ade-
quate? and’ at What cost? The an-
swers depend upon the depth of re-
search performed. 1t i§ Beyond the
scope of this article t& arglie the
point; howéver; the fact does re-
main ‘that there is a limitéd amount.
There “was only a given amount

- created in the: beginning, and ad-

ditional fossil fuels are not being
generated, created, or manufac:
tured. In ‘short, ‘'wé will run out.
Contrary te thie rather stmplistie
and naive. attitude. of ‘most people:
toward subjects such as enefgy or
the national debt, it is our respon-
sibility te concern ourselves with
the future, as well as the present.
Cerlamly‘ the federal govern--
menit i -part récognizes potential
problems in the area of engrgy;
nolg, for example, project inhde-
pendence. Whether we cin ‘achieve
the goal of béceming independent
—even by 1985—is questionable
Half of 1975 is gone, and no sig-
nificant ]eglslatlen has been passed

‘or pregrams formulated.

This is, however, not to say that

en
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"all. formis of fossil fuc! will be de--
pletéd tomoerrow if- we' do not con-

serve today. One does not die from

eating one “fish contaminated with.

mercury; however, if it is part of
a steady diet, you may beconie very
tll. _

In short, ‘we have the responsi-

bility. to récognize thé problem
exists; thoroughly define it; ‘@nd
collectively solve it. Each of us

contributed to the problem; each
of us must  contribute to the
solution.

Energy: mtens;ty

A g;’eat‘ dedl has beéen said; is
yeét to be said, and should be said
about the” operation’ and désign. of
all types of buildings frem the

" standpeint of how much glass, in-
sulation, and lighting should be in-
stalled; what type: of mechanical
- 8ystem to use; and various ways to
sive encrgy; ete. In this article, 1
weuld like to take 4 différent and
néw approach to.'this topic—energy
consumcd by néw construétion.

Energy consumed by néw con-
“struction is over: and, above “that
used to heat, light, cool, and ven-
tilate a new building. The materials
that a building is constructed of
and the equipment used to con-
struct it tequireé .considerablé quan-
tities: of energy- during manufactur-
ing assembly .and in transportation
to the construction site, Coiistruc-
tion itself is a consumer of’ very
significant quantities of energy.
Life-cycle costs

A bref review of economics
serves as a foundation. for this ar-
gument. Those readers who are
economists of some type and/or
who are.in positions of responsibility
in your respective occupations need
fo be acguainted with the concept
of life-cycle gosts. Very snnply
stated, lifezcycle accounting i§ a
complete actounting 6f all txpenses
Jincurred wath a particular invest-
ment over its .useful life. For ex-
ample, in a plaru,c(ul)ar butlding, an.
initial investment- cost of $40 per
sq ft may be realized. The build-
mg operating costs, including heat-
ing, ventilating, coolmg lighting;
and elettricity; and maintenance
cost for clc'mmg, repairing, and re-
placeinent; plus usury costs are in-
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curred each month and year for
the entire life of the bun]dmg As-
sume the buikling has a useful life
of 40 years. In thav time, it may
be necesqary to replace a boiler or
an air conditioning unit. In that
event,
be considered in the total life-cycle
cost analysis:

All actual costs and all projected
‘costs should be compared in the
game time frame Since with the
clapse "of time, maoney would eain
interest if invested, Future ‘invest-
ments can be “accounted for by
consideting the -amount of money

that would accrue “from interest if -

it had been deposited at an interest

_bedring rate: and withdrawn .at a’
interim  ex-

future time (O meet
penses.

Alternative bulld:ng systems éan
be compared by this type of analy-
sis, I true life-cycle considerations,
It is within the-realm of reason to

additionally consider the total, use

of energy in a given project. This
is in additien to beth first. and
owning costs.

_ Othér than the monthly utility
charge, regardless .of whiat:fuel the
building uses, the evaludticn of
energy expenses has to date: been
less itangible. Now, however, -t is
and should be a very real and vital
part of the total analyms A build-
ing design should ot only be
moré advantageous from a life-cycle
~~dollar ¢onsideration—standpoint,
but it should also bé advantageous
from a total life-cycle’ energy view:

‘paint.

Other encrgy expenses

- Consider that a building is com--

posed of tremgndous quantities of

the replacement cost must |
- required 1o convert from raw

"ing components, such as those

Typlcal constructron scene at analyzed college..

T

steel, aluminum, cepper, .plass,.i
sulation, dry wall, vinyl tile, ¢4
peting, ceiling tile, asbestos il
conciete ‘gte. Consider that it |
quires approximately. 27,500,0¢
Btu to fabricate onc ton of st
And, this includes only the

limestone,“and ¢oke to steel ing
plis rolling to some structuff’
shape. Tt does not include all
énergy nccessary for mining, p
cising, transportation, cic., fo
miil, 3

Similarly, it rf:qmrcs appn
mately 82, 000 ,000 Btu to fabri
one. ten of aluminum. Other bull

ed previously, have equally .
pressive energy requiremeits,
‘concept is occasionally refern
as ‘the energy intensity of a
térial. Table 1 lists some of
data; . )
In addition to the energy o
sumed to properly heat, cool,
light.a given space and the e
used to fabricate the various I
terials, there is a considerabl
ergy expense incurted in eredl
the m*z[crmls——dlggmg foundatigh;Bacon, 16) (
-pouring concréte, putting slecl”&“’Gs) ~Portl
place, licisting wall panels, pou ypsum,
floors; installing interior partitig
door. frames, windows, ghass, ¢
pating; and assembling a wh
host of other building compong
as the labgrs of the engineer,
tect, and contractor become red]

Thére are three major enghle
components:

* Energy’ required to fab
materials @nd. equiprient.

* Energy required to erect
terials and equipment, :

* Energy required to-heat,

e B m
ials-and equ
ample bujldi
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cool, ventilate; and other miscel-
lancous uses for electricity (operat-
ing energy).

The first two, of course, are ex-
pended prior to moving into a
building, and the latter encompasses
operating energy used after the
building is occupied. :

These energy components may be
looked at as analogous to life-cycle
analysis. The exception is that the
energy that will be spent 'in terms
of Btu's—not dollars—does not
earn money at the prescnt, as in-
vested dollars reserved for future
expenditures would earn intcrest.
Therefore, a usury multiplication
factor cannot be used as it can
with money. In fact, on a mone-
tary basis, the cost of energy will
rise with time. We have seen the
last days of so-called inexpensive
energy in the United States.

To illustrate this concept, we
have analyzed a typical project
now under construction. It will be
used as a community college. The
building will have 432,000 sq ft,
three stories, a steel structure, and
glass and architectural steel walls.
It is located in Chicago. The entire
building has been discected from
the standpoints of equipment and
materials “ used, energy consumed
for construction, and energy used
for operation. Although this build-
ing is an institutional structure, a
designer *may apply the same
thought processes in analyzing the
energy intensity of any type of
building, °

During this analysis, you will see
that the _ buildings you are ac-
quainted with, whether they are
used for learning, working, play-
ing, health, or living, used more
energy before they were occupied
than will be used for a considerable
time after startup. In fact, for this
example, construction consumed
six years’ worth of operatlng en-
ergy.

It is very interesting (and some-
thing the designer should be aware
of) to note the total weight of
material and equipment of a build-
ing (see Table 2). This particular
building has approximately 39.5
tons of aluminum, 30,375 tons of
concrete, 3518 tons of steel. Table
2 summarizes the various compo-
nents and shows both total quan-
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tity as well as equivalent weight in
pounds per square foot of the total
building. The total weight is 51,779
tons.

Mechanical designers may be in-
terested that the steel alone in
mechanical equipment, pipes, hang-
ers etc, weighs 185 tons. There are
207 tons of steel for plumbing
pipes, valves, and accessorics; 300
tons of sheet metal and fans; and
24 tons of steel in electrical equip-
ment. This is exclusive of copper,
aluminum in the mechanical and
electrical equipment and steel in
the plumbing fixtures. Electrical
switch gear alone has 36 tons of
copper. There are 6319 light fix-
tures; each has copper, plastic, and
steel components. Although we
think of most insulation as being
relatively lightweight, the pipe, duct,
and building insulation combined
weighs 27.5 tons.

After determining various
weights, the values listed in Table

. 1 can be used to translate weight

into energy used in fabrication of
the various materials and equip-

ment. Table 3 shows the totals

for these calculations. Remember,
these values cover only the manu-
facture of the material and assem-
bly of equipment, or shipping plus
fabrication. Nothing is included for
the energy expended in mining and
transporting -the material to the
mills or factories.

Like the data on weight, this in-
formation has been itemized on the
basis of total energy required to
fabricate as well as on a Btu per
square foot basis. The numbers ex-
pressed in this manner are rather
impressive—aren’t they. Did you

.ever think that to construct this
“type of building 476,190 Btu per

sq ft of energy is expended for
materials and equipment. The

_buildings you are familiar with now,

regardless of construction, would
be equally impressive when pre-
sented in this way.

Now that the amount of energy
consumed by materials and equip-
ment has been determined, let's
set this part aside for a moment
and define the other component of
the energy expended before opera-
tion commences-——the energy re-
quired 0 erect materials and equip-
ment,

Heating/Piping/Air Conditioning. June l

Refér to Table 4 and visualize Uf
normal construction activities, 5ug
as site sclearing, excavation, formf’
concrete, backfilling, etc., justi§®°
name a few. These have been listé t?l 4
in a generalized form in Table 4. If
cluded are such items as the gasol
used by the designers in commutig
to their offices as well as to the jof
site for observation (Item 4), Item|
includes the expenses of constry
labor traveling to the jobsite, 1
11 includes an estimate of the ¢
ergy required for off-site fabrid
tion. In this case, it is primarily f__
architectural steel. Other items lig
ed are self-explanatory.

It is interesting to note that hej
copters  were used to set cera
equipment in place. In this caf
two different sizes were used,
has a greater capacity and is us
to handle central equipment, ..

Total energy expended for
effort is 86,640 X 10° Btu; or
equivalent of 205,135 Btu persq
for the project.
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Having determined the ene
expended for materials and cquif
ment and to construct the projed -
the energy required to operate (§ C .
building can be calculated. The ¢ c,r:“';\
sign engineer’s calculated heatin :ntl
ventilating, and cooling loads
connected lighting and miscellan
ous power loads are itemized |,
Table 5. The building is occupid
85 hours per week. This is somyProv
what greater than for a grade § "‘”'5"4‘
high school, but it isnot unusg
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ualize
lics, §

ﬁa‘remilation load may seem ‘high,
t the time of construction,
4codes dictated very high ven-
T Adquantities. ¥ .
Ll:in list leqS reflects the total annual
hle 4. 1 . .
-y requirement. This was deter-
4 via normal calculations
_\.’)T;:;%“RAE procedures). (The writer
“ire of the opinion that a com-
#analysis would be somewhat
dcomplete and more accurate
ff‘;‘;ﬁ g will require 109,748 Btu
sq . ft per year to provide
C, electricity, and a total en-
ent. This works out to be
A1 10% Btu per year.
[lhite::» results of all three of the
his cad consuming components are
. ;1 in Table 6.
1sed; . I
d is usf lime the bu¥ld1ng can oper-
fore exceeding the energy
ced prior to occupancy in
gxample is 6.12 years: -
1,325/109,740) = 6.12
*per buildings, of course, would
‘different pay-back periods.
Xoint is, however, that every-
Arequires energy, especially in

narily
tems i

. mechanical engineer,, and
t should all be cognizant of
jJergy required to produce cer-

iscellanty intensive materials
‘mi . . ) .

nized 415 evident from looking at a
occupil

Jlune 19 ,

—— oI

1) The result is that the-

list of materials that some require
more Btu per pound or per square
foot to fabricate than others. These
arc the so-called energy intensive

materials. Glass, aluminum, and
steel, for ‘example, are higher in
energy intensity than drywall or
paint. Frequently, a designer (par-
ticularly where the' eventual oper-
ation of a building is affected) has
a choice of using various materials
that have a bearing on the total
energy, life-cycle accountability of
building. For example, steel can be
used in lieu of aluminum, or wood
can be substituted for either of
these. The design of a building may
be optimized based on the .mate-
rials sclected by the designer and
the total cnergy required to con-
struct it decreased. Indeed, operat-
ing encrgy may be decreased in
addition.

It is not fair to simply look at
matcrials on the basis of energy
intensiveness but rather what is
being gained from the investment

of energy required to produce the-

material..

It is interesting to consider in
relation to life-cycle concepts, the
pay-back period in terms of energy
of a particular material. For ex-
ample, consider insulation. Insu-
lation has a rather high energy in-
tensity—a - high ration of Btu
per pound to fabricate. However,
in spite of the rather large quan-
tity of insulation used in our ex-
ample building, it really does not
weigh very much per square foot.
It actually has a very high pay-

~%hg/Piping/Air Conditioning, June 1975 )

back rate!

Consider another example. To
fabricate a 1 sq ft sheet of ¥ in.
glass requires 19,500 Btu (heating
only). The U-value for single glaz-
ing is 1.13 Btu per sq ft, F; and
for double glazing, it is 0.64 Btu
per sq ft, F. The differcnce is 0.49
Btu per sq ft, F. If we assume an
inside design temperaturceof 72 F,
and an average outside temperature
of 35 F (typical of northernn llli-
nois), the time required to re-
cover 19,650 Btu through the in-
vestment in a sccond sheet of glass
is (space heating only):

19,650/0.49(72—35)= 1084 hr

A typical heating season in the
Chicago area is usually put at about
5500 operating hours. At this rate,
the second sheet of glass would pay
for itself in terms of energy in less
than 0.2 years. Certainly, this is a
wise investment of energy. Remem-
ber, this is on the basis of heating
only. If cooling were to be consid-
ered also, it would be even less.

Other examples comparing ma-
terials to Btu saved per Btu in-
vested per ycar are: glass fiber
building insulation, 20:1; duct insu-
lation, 15:1; pipe insulation, 47:1;

cand glass (by dbove example),

5:1. Similarly, a designer should
investigate other examples.

Energy optimization, or energy
consciousness, and its uses in our
environment are quite evident in
thesc examples. Each of us in our
everyday lives should be conscious
and aware of the energy required
to support our way of life as it ex-
ists today and -should be in the
future. I am not proposing that
Americans discontinue .their way of
life, only that we conserve energy
to provide for future generations.

Those of us who read this maga-
zine are in a position to be aware
of each Btu a building requires. It
is our responsibility to use each
Btu as .wisely, as conscientiously,
and as carefully as possible. Then,
we can provide for continued growth
of the cconomy.

The building is used by the City Col-
leges of Chicago and is owned by the
Capital Development Board, State of
Nlinois, with whom Mr. Kegel worked
during this prdject. The architect was
Dubin Dubin Black & Moutoussamy:
the mechanical engineer was Environ-
mental Svstems Design, Inc.
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dcceptance of the
sandards may come in several dif-

_kr.ent ways. The attention being

gpven to the critical energy situa-

F%nis making the government and

% public more aware of some of
&possnble:mprovements This sit-
poion should cause the heating

‘i.,. air conditioning industries to

.‘

’M

dérgo a self-examination of their
psmon Proper specifications,
wdes, and ordinances should make

A easier for manufacturers to

&
s

ufy more efficient equipment

3 . for the architects and engineers
mconvmce the owners to select

'Seproper structure and the most
mnomlcal system for minimum
mergyconsumpuon

' Undoubtedly, some government
4

ﬁmlng/ Piping/ Air Conditioning, August 1975

.

1 Estimated percentage of total energy consumption in U.S, aliocated
to space heating and closely related systems.

legislation will be necessary to out-
law certain wasteful practices and
procedures and to establish a na-
tional energy conservation policy.
Caution must be exercised in this
regard. It is desirable to first vali-
date the effectiveness of certain
conservation practices before rec-
ommendations are enacted into law
and become mandatory.

Normally, the building construc-
tion as well as the type of system
chosen will be governed by
economic justification unless there

‘are laws to the contrary. Taxing

and banking influences must help
to provide the necessary motiva-
tion and support. Also, in the final
analysis, the actual amount of
energy conservation realized will

Space heating: 18 percent

Air conditioning: 2.5 percent

Water heating: 4.0 percent

Refrigeration: 2.2 percent

- Lighting: 1.3 percent

Total: 28 percent

depend to a large degree on the ex-
tent and nature of the procedure
actually implemented by the build-
ing owner and the operator.

The forthcoming series of
articles will be concerned with pos-
sible improvements in building con-
struction, equipment, design and
application practices for the maxi-
mum conservation. of energy by
heating and air conditioning sys-
tems. It is hoped that these articles
will aid the consulting engineer and
contractor, particularly, to keep
abreast of the progress and devel-
opments in this field and to take a
more active part in promoting effi-
cient use of energy to the general
public. The first of the series will
deal with architectural aspects.
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FUEL CONSUMPTION IN
RESIDENTIAL HEATING AT
VARIOUS THERMOSTAT SETTINGS

During the winter of 1973 the energy crisis reached each
and every American home as the gas and oil shortage
changed the life style of the energy consumer. The pub-
lic responded eagerly in conserving gasoline by lower-
ing highway speed limits and through car pooling. To
conserve fuel oil, homeowners were requested to lower
the thermostat settings to 68F during the day and-to 64F
or 60F at night. The public was advised that such ad-
justments are not only healthy but will also save money.
The slogan, “My limit is 68" was created. In this study
ve locus on heat losses based on the indoor-outdoor
‘emperature difference and investigate the effect of var-
.ed thermostat settings on fuel consumption.

JR. MICHAEL P. ZABINSKI

-ARRY LOVERME

't is certainly well known that heat losses in a home are
] primarily dependent upon the indoor-outdoor tempera-
we¢ difference, as well as other factors such as the direction

. M.P. Zabinski is Associate Professor of Physics and Engi-
cring, Fairfield University, Fairfield, CT, and Larry LoVerme
an undergruduare siudent, Fairfield University. This study was
wmded by a Fairfield University research grant.
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and intensity of the wind, and the amount of sunshinel,

Two important questions immediately arise: Does lowering
the temperature overnight necessarily save fuel, and what
are the optimum thermostat settings? Assuming a reference
temperature in the home of 6SF we consider:

® The extent of the thermostat temperature lowering;

® The length of time over which the temperature is re-
duced. We determine the relative fuel consumption in two
baseboard heated, oil fired, single family dwellings.

MATERIALS AND METHODS
The study was performed in two single family dwellings:
House I, a 1800 square-foot, split-level located in Orange,
CT, and House Il, a 2000 square-foot, two-story home lo-
cated in Easton, CT. Fuel consumption was monitored by an
electric clock wired across the furnace motor. Each test day
started at 6 p. m. and continued for 24 hours. The furnace
on-time which represents fuel consumption as the nozzle
injects fuel at a constant flow rate into the combustion
chamber was recorded for the cntire heating period (Decem-
ber, 1973 to May, 1974). Each of the following thermostat
settings was investigated during at fcast five days by monitor-
ing the daily furnace on-time:

® 1-68F constant (reference temperature)

® 2-72F constant

® 3—-64F constant

FURNACE ON TIME/DEGREE DAY

(W

-1 -
1
X
h
P
64F | l6ar| |soF| |soF | leoF
[ ] L 3 [ J ® L ]
&hr | 12hr 4hr ahr 12hr

». 1: House I~—Fuel consumption for various thermostat settings. Fuel consumption is defined as furnace on-time per 24 hours,
p

- degree day ( min./F). Standard errors of the mean are shown
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Fig. 2: House II—Fuel consumption for various thermosiat set-
tings. Fuel consumption is defined as furnace on-time per 24

hours, per degree day (min./F). Standard érrors of the mean are’

shown

@ 4—64F—4 hours; 64F, 6 p. m. to 10 p. m., remainder
of 24 hour period at 68F _ .

® 5-64F-8 hours; 64F, 10 p. m. to 6-a. m., remainder
of 24 hour period at 68F

® 6—64F—12 hours; 64F, 6 p. m. t0 6 a. m., remainder
of 24 hour period at 68F

@ 7—repeat (4), (5), (6) at 60F.

Thermostat adjustments were performed at the specified
times. For example, the 64F—4-hour test (item 4 above)
started at 6 p. m. as the thermostat was lowered from 68F
to 64F; four hours later at 10 p. m,, the thermostat setting
was raised to 68F and left unchanged until the end of the

50

T

T

40
301
20

T

10— Y

-, furnace on time/ 24 hours (°/o)

test, the next day at 6 p. m. This test was then repeated

several times not necessarily on successive days.

RESULTS

Degree Days -

The degree day is widely used as a means of comparing the
efficiency of fuel consumption of one period with another
for the same house?. Since periods to be compared may not
have the same weather conditions (degree days), the com-
parison can be made only after the fuel consumption data has
been normalized by computing daily fuel consumption per
degree day. The resulting unit value eliminates the outdoor
temperature as a variable, It does not, however, account
for such variables as wind speed, relative humidity, and
barometric pressure. ‘

Degree days are conventionally calculated from the
daily high and low temperatures where degree day equals
the difference between 65F and the average formed by the
high and low temperatures. Since the high and low tem-
peratures are not necessarily accurate reflections of the day's
temperature history, and since it is important to use accurate.
degree day values to normalize the data, daily degree day
data for this study was calculated from hourly temperature
readings taken at the Bridgeport, Connecticut Municipal Air-
port, National Weather Service. The airport is located within
15 miles of the two houses tested. The 24 temperature read-
ings were averaged for each day and subtracted from 65 to
compute degree days. The degree day data computed on this
basis was found to deviate on the average by 1.5F per day
from the degree day data, computed by the conventional
method. '

P

0 10 20

degree days (°F)

Fig. 3: Relation between the operating time of the burner in a 24 hour period and degree days. Closed circles are experimental _ ]
points takn in House I at thermostat setting 64F — 12 hours. Least square line shows fuel consumption approximately proportional . .»
: S

to degree days
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* ' Table 1

HOUSE | . HOUSE It
Fuel No.of  Standard Fuel . * No. of Standard
Thermpstat Consumption test error of  Consumption test ' error of
setting min/DD % RFC(*) days ' the mean min/DD % RFC(*) days the mean
72F constant 18.32 —-21.4 4 .70
. 68F constant’ 15.09 0 22 .31 13.91 0 7 .59
A 64F constant 11.98 +20.6 5 .56 10.93 214 5 .64
3 j” 64F — 4 hours(**) 15.49 ~2.7 9 .60 146 —4.9 9 .50
%" 64F — 8 hours 15.09 . 0 13 .50 13.47 +3.1 6 .80
+ # " 64F — 12 hours 15.18 —~06 25 41 14.34 —3.0 8 92
B 60F — 4 hours 16.00 —6.0 6 a4
4% "60F — 8 hours . 1355 +10.2 9 152
Wi 60F — 12 hours 12.62 +16.4 1 43
(* )wilh respect to 68F ¢ i 15.00-1832 =
¥ p onstant, for example for 72 constant, thermostat setting: % RFC =~ 3509 X 100.-= — 21.4%
.. {**)remainder of 24 hour period at 68F
Table 2—t Tests i
HOUSE | HOUSE It
68F constant Statistically Statistically
) Vs, ot df. - P Significant t d.f. P Significant
& 72F constant 4.08 24 <.001 yes :
“& - 64F constant 4.39 . 25 <.001 yes 2.3 11 <.05 - yes
» 64F — 4 hours .64 29 >.5 no .89 14 >.5 . no
B 64F — 8 hours - .0 33 >.5 no .45 11 >.5 no
e, 64F — 12 hours .16 45 >.5 no .38 ' 13 >.5 - no
b 24 60F ~ 4 hours 2.1 26 <.05 yes
g ;{fi’ 60F — 8 hours 2.61 31 <.02 yes
60F — 12 hours 4.62 26 © <£.001. yes
b 2 N i
’ The climatological summary for Bridgeport, CT is as analysis of the data yields a high degree of correlation (r=
k follows .96). Observe that fuel consumption is approxlmately pro-
N . ortional to degree days3.
§= Average Temperature for January 1973 P & y
. &‘ Daily Maximum Daily Minimum Monthly Relative Fuel Consumption
¥ 38.0 22.8 ' 30.4 We define per cent relative fuel consumption (RFC) for a
r) 36.8 21.6 29.2 )

'l '

' Fuel Consumption
‘The degree day data along with the daily furnace on-times
¥ivere used to compute the fuel consumption in minutes per
\degree day. The fucl was used for space heating as well as
" domestic hot water with the latter considered fixed and not
_#variable. Figs. 1 and 2 illustrate the fuel consumption for
#:Houses I and II respectively. Due to thermostat limitations
“#it was not possible to reduce the temperature to 60F in House
'H A constant temperature test at 72F was also omitted for
A:House 1L. Standard errors of the mean.are shown. As ex-
pected the fuel consumption is largest for a.constant house
‘Ytemperature of 72F and least at a constant temperature of
§:64F. All other thermostat settings result in intermediate fuel
% consumptlons Table 1 summarizes the numerical data for
{Houses 1 and II. The variability of the computed fuel con-
Awmptions is fairly small as indicated by the standard errors
vlv"'pf the mean. These variations can be attributed to the afore-
"mentioncd variables not included in the analysis as well as
“givariations in household activities resulting, for example, in
"open doors and windows. The consistency of the data is
\funher demonstrated by Figure 3 in which fuel consumption
(mmutes/ degree day) is plotted against degree days for the
case of 64F~12 hours in House 1. A least square regression

rASHRAE JOURNAL December 1974

given thermostat setting X as

fuel consumption at 68 F — fuel consumption at X
fuel consumption at 68F

RFC = x 100

For example, House I at 72F constant:

- 15.09 — 18.32
RFC = "33

X 100 = -21.4%

We note that RFC=0 for 69F constant. Similarly, a
positive RFC value implies fuel savings while a negative
RFC represents fuel losses when compared with the refer-
ence temperature setting of 68F constant.

Figs. 4 and S show relative fuel consumption for Houses
I and II respectively. The results of Houses I and II are con-
sistent. A constant temperature of 72F yields a relative fuel
consumption® of slightly more than —20% in House I, or

approximately 5% per degree. Equivalently, for 64F con- -

stant temperature the total fuel savings are approximately
20% (RFC<O0) in both houses. Intermediate settings result
in smaller fuel savings and losses.

Statistical analyses for significance in differences were
made on the basis of pair comparisons using the student
test (Table 2).
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DISCUSSION |
This study investigated the effect of various thermostat set-
tings on fuel consumption in two single family dwellings

RELATIVE FUEL CONSUMPTION

20
18]
12}
8
SAVINGS BOF| [89F 1 (B3F
. 8hr | 12hr] konst|
2 ] ' 6aF
o 8hr
) 72F | leoF L_] 84F
S -al (| [abr | BT e
4hr
-8
LOSSES
=12} :
-16
=20

Fig. 4: House 1—Per cent relative fuel consumption (RFC) for
several thermostat settings. Positive values indicate fuel savings
and negative values indicate losses with respect to 68F constant
house temperature

RELATIVE FUEL CONSUMPTION

+— .
S ] SAVINGS 64F
[ 3
v 4 const
L -
ol 6aF
O 8hr
) sar| [0oF
. 12hr
-4 4hr
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Fig..5: House l{—Per cent relative fuel consumpiion (RFC) for
several thermostat settings. Positive values indicate fuel savings
and negative values indicate losses with respect to 68F constant
house temperature
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with oil fired, hot water, bascboard heating systems. Fucl
consumption was monitored by an electric clock and the
data normalized by calculating the furnace on-time per de-
gree day. Scveral thermostat scttings were checked and the
following major conclusions are drawn:

1. The two houses tested differed in their location,
style, and construction, yet the furnace on-times, the nor-
malized fuel consumptions; and the relative fuel consump-
tions were in good agreement.

2. Lowering the housc temperature for a short period
of time—4 hours or less—results in no fuel savings when com-
pared ' with a constant 68F setting. The t test shows no statis-
tically significant difference (P>.5) in the data for 68F
constant and 64F~4 hours (see Table 2 for Houses I and
11). In fact our data shows a small loss in fuel for such short
periods of temperature reduction. The losses become more
significant as the temperature is lowered further down to
60F for 4 hours (P<.05), since inefficiencies introduced on

. rcheating are more severe.

3. Short term adjustments of the thermostat are gen-
erally wasteful, )

4. Lowering the temperature to 64F for a period of
8 to 12 hours results in no significant fuel savings or losses
(P>.5, Table 2) and any physical discomfort experienced
in the process is in vain.

5. Lowering the temperature to 60F for 8 to 12 hours
results in-considerable fuel savings of approximately 10%
and 16% respectively (Table 1). The t tests confirmed the
significance of the data (P<.02, Table 2).

6. Maintaining the house temperature at a constant

" 64F results in a 20% fuel savings or approximately 5% per

degree below 68F. This saving must, however, be weighed
against the physical discomfort experienced at this low house
temperature.

7. The difference in data between 72F and 68F is
statistically significant (P<.001), Table 2. The motto “68 is
healthy for you, your wallet, and your country” is substan-
tiated by-a better than 20% fuel saving.

The results reported herein are characteristic of the two
houscs studicd and the local Connecticut climatological con-
ditions. However, the genéral trends, and overall conclusions
are certainly applicable in- geographic areas experiencing
similar winters. Five to six thousand degree days and 25 te
35 inches of snowfall describe a typical Connecticut winter?,
In warmer regions the percent fuel saving realized by simila:
thermostat settings will be much larger. However, the actual
quantitics of heating fuel saved would be much greater in
cold areas than in warm regions because far more fuel i
needed in such arcas to heat buildings. The close agreement
in the results for the two houses studied reinforces the valid-
ity of the method of testing and analysis. . OC
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Predicting b_LliIding
energy requirements

The computer dilemma

By J. MARX AYNRES, PE, President,
Ayres & Hayakawa- Energy Managemem,
L'os: Angeles, Calif.

Analysis of alternate energy consers ©

vation stratégies for designing new
buildings and' retrofitting existing
ones requires accurite calculdations
of monthly energy loads that must

be passed through appropriate. util-
ity rate schedules to obtain.annual
energy costs. Methodologies for
calculating thermal performance of
buildings .and ‘their energy require-
ments have deéveloped rapidly in re-
cent years.! Use of the-computer as
adesign tool has incréased and has,”
in fact, become necessarydue to the.

Building
input
Building
description
Congitude,
latitude, elevition ’ Secondary
Weather system input
Temperatures. System type
0B, WB, tloud — and size
tacties
Electricity.
Meters 4. B, C. 0.
refies and ~P— Fan horsepawer
peak demand ‘ e Supply, ret; exh,
Protess-ipads; calculation aﬁghe?:tlffe‘
‘module 1 | P
Profiles and _fw,‘ = Load
Qeak demand . analysis phase Sysiem puisige
Space input Optional dir requirement
" Exterior load 7 i | '
Size, shape - Lozrd
_property , maodification :
Cdordinates - "Variable i
,—LT—T-—CF—-1 l_ﬁ temperature Iempera{lure
ighting loa analysis phase rese

Watt, profile

r—— Time scheduls

Number, profile

"Secondary .
People loail : Sysiem l
_l g simulation 7

‘System simulation Primary
analysis phiase |- . system input.

~_lntiltration. lgad

Equipment type.

¢tm rl . Primary
equipment system )
—_— e — __simutatign - —
Quiside air load
Minimum
requirement, ]
cim r Energy source
Air_quanlity J { Metéred-
Fixed cfm - outpul
Minifmum cfm T
Temperatire swing | l ' L _ consumgtion
Charagter :
Quiput

1 Simplified-flow chart for an enérgy simuiation computer program.
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complex and lengthy computal
Jprocédures required for analys
building energy usage. The suc
ful implementation of ASH
-Standard 90-75, Enérgy Conse
tion in New Building Design’
quires. the development of u:
‘prehensive yet .simple calcuk
procedure for estimating the ar
energy requirements of.buildis,

Energy calculations

. The thermal performance r
building and its energy consumy
‘depend on & great many fic
-other than the weather, but vag
methods havebeen developedir
past, such-as the simplistic dey
day method and the conveni
bin.method, which use weather
to proportion the peak désign .
to obtain monthly, daily, and he.
loads®. These approximate pr
dures, when verified againstar
operating experience, meet "
needs of some engineers, l_::uu%
aré unable to include in o
analysis all of the essential e]emr
of energy calculations.

It is now genérally accepted?
the only rational way to cdle
energy requirements is to.emp
computersto ¢conduct hour-by-
calculations. of all building I
over a: full year of weather &
Thermal loads consist of heat tiw
fer through the building skin di
air {emperature differentials’e
solar loads; the outside air in
duced intd the building; andi
internal loads due to people, hgt'
and gquipment. HVAC sys&amv
spond -to these dynamic loadsk
try to maintain temperatures §
tated by system controls &
equlpmem To analyze thé pedf
mance of these systems and t
€nergy consuming compunc
they must be mathematically gy

\Stiperscript aumerals refer to referenml
end of article. 'j

Heatinr/Plnina/Air Conditionine Fakheone



i ',r rcqmremems calculated.
e loads must then be- integrated
other non-HVAC 10ads’ (such
base electric, cooking, domestic

hly total building demand and
“gnplicn loads:,

sl energy consérvation standard
:bUildll'lg design require§ thé
Jespread use of computers to
¢l hour-by:hour peéak loaad
il snnual energy calculations. For.
ample, Section 10 of Standard
18 requires detailed and com-
thensive calculations baqed on
%0 hours-of operation of the build-
and s service system. The
HRAE literature references for
plementation of Section 10 are
ooklets of computer algorithms.
Al uugh there are several sophlsu-

veéry complex and propnetary
this discOura’ges'thé‘ir use in the
trage engineering office. As .an
100 fustration of the. complemy of the
oro} gmblem a simplified flowchart for
acteg S8 energy simulation _program now
¢ gieader development by the Auto-

fimsultants (APEC) is shown in

30 Mast englneenng offices that de-
It v’;ﬂ building service systems have
ui,,b! than 15 employees, ‘and only
1plof ¢ boul half that number are involved

¢ @8 HVAC design work. The owners
{the firms are usually the Key de-
wigners, andthey are.under constant
J fressure to get work in and out of
the office to stay in business. Itis no
onder then, that ASHRAE is al-
\rways being asked by "it§ membef-

ihind offer ready made, easy to use
flechnical solutions. For load calcu-
jons, engineers want-a szmphf"ed
design manual that is easier to read
Find pse than the ASHRAE Hand-
fak%}bok They hesitate to tise com-
g puter programs for energy calcula-
m . 6ons. Théy do not understand tlie
o4 yrocedures involved, and théy fear
§ the higher cost associated with the

‘ mmal usage of computer programs.
: Evenm large, multidisciplined of-

‘j mated Procedures for Enyneermg .

§ip to.simplify design procedures

T#8Te 1—Analysis of‘existing buildings. * ~

) ) ] ) No. of Facade, Units or Arez,
Bullding narhe Location City’ Occlpangy floors % glass rooms  5g #-
Cenlug Park.-Apts  Century Cig Los Angeles Apariments 20 EG 4830,
Hyatt Hegency- Boardway Plaza Los Angelgs Hotel 21 41. . & 26 xﬁ100

" Holiday 'Inn’ BEl Air Los Angeles Hatel 16 32 15, 3840
,thhard Henry Dana Golden Gateway San Francisco Apartmen{s 22 32 16 B700
Occupied typical floor ‘
‘Supply air, ¢fm Exhabst-air, ¢fin  Qutside-air, cfm
- persgft per sq ft. per sq ft Remarks
Cenlurg Park Apts 5800 1:2 1810 0.37 2090 0.34. .. HVAC.
Hyatt Regénty -6840° 1.1, 1580 0.26 1680 0.28 : HVAL
Holiday fnn = 4500 1.2 1200 0.31 1440 037 HVAG .
Richard Henry Dana — —_ /2760 0.32 — —  Heating only; no eut:
side makeup air to
rooms.
Carridor typical floor
Supply air, ofm  ~Quisidg-air, cim .
Area, 5q ft “per §q-ft per §g ft . Remarks
‘Century Park Apts. 650 600 0.80 100 0.15 HVAC
Hydtt-Regency 1470 800 0.55 800 0.55 HVAD
Holiday Tnn 1650 6440 0.40 540 040 HYAC,
Richard Henry Dana 1650 1200 0.85 1200 (.85 ‘Heating:only; no out-
v i : side makeup air to
“roams. .
Table 2—Méde! building criteria . S
ltem GCircular Rectanguiar Remarks
Number of flodfs | 20 20 Al typical
Drientdtion; lang sides — E/W Separate funs Los Angeles
o " - N/S, NE/SW, NW!SE
Diameter, ft 15 —
Length x width, ft —_ 274 x 66 —_
Typical floorarea sq ft 6,560 18,084 —
Total area, gross sq ft 131,200 361,680 —
Floar-to-flbor, # 10 i0 —
Facade, percent glass 30 and 60 30 and 60  Single, draped, solar con-

. ductance equals 0.50
Curtain-wall, U-factor . 0.17 0,17 Endwalls, U = 0.50
Roorms, unn‘s per floor 16 8 o —-

Paaple perroom or unit . - 2 1 450 MBtuh per persan
Lights, watts 1]:ner sg ft 1.0, 1.0, = ) —
Qutside air, &fm per.sq ft 0.36 36 -
Base electric; KW per room 1.76 1.76. —
Process, MBIUh per room 11.6 1.6

Domestic. hot;water

Table 3—Peak load design conditions {ASHRAE ‘Handbook of Fundaméntals, 19'72).;

item . San Diego Riverside Los Angeles  Bakersfield: San Francisco,
Airport 50 "March Air WA BF 5F
. Force Base
Latitude; degree-minutes 32:4 33-5 34-0 35-2 37-4
Elevation, ft 19 1511 -9y 95 8
Summer autdoors: . s
Dry. bulb, F B8 99 86 1063 S
wet bulb, F 71 72 £9 72 - - 65
Déw pmnt F &4 59 81 56 85:
Winter gutdogrs: T L. . )
Ory bulb, F 38 26 36 26 32
‘Summer mdoors: ) . . i
Dry bulb, F | 75 75 75 75 75
Relative humldlty percent 50 50 A0, .50 50
Winter mdoors F .75 75 75 75 75

fices, where structural and ¢ivil en-

gineers routinely use cémputers,
the mechanical and eléctrical en-
gineers remain skeptlcal and must
be pushed into using them. The
most successful computer programs

by HealfngIPiping{ﬁir Caonditicning, February 1977

are: -extensively ‘documented and
written so the demgn engineer:can
make step-by-step vent‘cauons
with hdnd calculations to assure
technical corréctiess, The older,
experienced engineers; -are’ ex-
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Legend:
Yy _QCircul_ar. B0 percent glass 8 Rectangular; 30 percent glass {E/
‘ ) @ Circular, 30 percent glass == Rectangular, 60 percent glass (roi
tremely skeptical of computerized I Rectangular, 60 pércent glass (E/W) i
procedures; and prefer to rely -on 35 . ]
judgments and time tesied short ‘ A'possible heating slandacd

Annual cansumptipn = {0DH)
i \

‘guts; while ydunger engineers often

ook on the computer as the only
‘way to go; eveh though they are
costly to \mplement and the
methodologies in the black-box may
be worthless. ]

Practical HVAC. and énergy cal-
culation snftware must be designed
for ;r\c-ulme use. in the' production
mode, and it, must be coatinually
supported, maintained, and- up-
dated. 1300'

The computer, liké any other tool
in an engineering office, must én- 1500
hance productivity and provide an LAVG: " ;
economic. return on investment. . ' f , L 0 |
‘The question, of course, istoclearly 30 , 50 %0
establish how it will be used and Annyal ¢onsumption, MBtu per sq ft
what the Cos[s will be, EVerane 2 "Heating degree-days vefsus annual consumptson
who has worked with -computers
will admit that. the tip of the ice- -
berg represents what thie compuoter
salesman says. your costs will be, 2100~
“and the base of the iceberg repre- 2000 —
sents the large hidden coststhatyou
actually will incur. chardless of - —
these difficulties, it is- technically
feasible to maintain the ac¢uracy of
computer energy calculations and L
to establish mechanisms that trans-

. fer this new technology fo 'the -
HVAC design enginger in private §506
practice.and his coungerparts within :
_ government agencies.

33

Heating dégree-days
ha
-
[
(=]

2300 BF

Impact of weather

The impact and Structure of
weather data for eémputerized en-
ergy calculations has. béen under - i
discussion for years in ASHRAE
betwéen TC 4.2 (Technical Com-
mittee on Weather) and the TGER
{Task Group on Energy Require=
ments), now TC4.7 {Energy Catcu- 3
lations). Meteorologists are uniable 700 =LA
to establish procedures for ‘the
selection’ of a ‘‘typical” year of
weatherto drive fhe building medel,
In 1974, a compiomise was reached o
— for purposes of comparative en- ., -
ergy calculations — to use a so-

Conlifg dégiee-ddys

| |

S04

called test year based on a proce- 200~
dure developed by the. TGER. This N

" procedure was reléased by the Sdci- < , i
ety in 1975 under the-name of Test. o0 > 0} : )

-Reference Year (TRY) Weather. In A Y2 I T N R e I I
the mearnitime,. all types of typical T 20 30 o 50 60 70 80
‘year weather programs are in use by . Aninual consumplion, MBtu per sq 1t '

- owners of proprietary €nergy calcu- 4 Cooling degree-day versus annual ¢ooiing requirements.
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‘Legend: '

" - @ Circular, 60 percent glass

4 @ Circular, 30 percent glass,

' lHeclangular 60 percent glass (EIWJ

B Rectanguiar. :30 percent glass (E/W)
== Rectangular, BD percentsglass {rotated)

! ! | 1 |
50 &0 70
Annual cansumption, Btu per sg it ’

_'. Legend:

. @ Ciruiat, 60 percedt glass

- - @ Circular, 30 peicent glass

d Reclangular, 60 percefit glass {E/W) .
B H Rectangular. 30 percent glass (E/W)
. wm-Reclangular, 60 percent glass :ioléied”}

4@ 50 60 70

s

lation programs: They range from
well defined analyses of 10 years: of
data‘te the selection of any year that -
approaches the published average
heating degree-day for a spec:Fc lo-
cation.

The need for 8760 (365 days per
year X 24 hr per day) sequential
hourly building calculations has
been studied in an effort: to.reduce
computcr computational time costs.
The fact that 8760 calculations are.
made using supposedly accurate
weéather data certainly does not in
itseif make the energy calculations
correct. On'the othier hand, most of-
the experience to date has been with
processing hourly data for a full
year, and a rational methodology
for the qelccuqn of typical days for
each month or group of months to
reduce these calculations has not
been devélopéd.

The importance of “the weather
cértainly viries with building con-
struction, use and type of proposed
energy consuming systems. In
buildings with low. thermal resis-
tance envelopes andior that require
large ‘quantities of outside air, the
weather will play a dominant role;
whereas in buildings with large
internal loads, minimum outside. air
requirements, aid well insulated
envelopes, the weather will play
only a minimal role.

. The impact-of weather on energy
requirements for high rise residen-
tial bu:ldmgs was examined in a re-
cént'study® for the State of Califor-

“nia in its effort to develop energy

budgets modified by degree- day lo- .
cations. The siudy tried to establish

A correlatmn of energy consumption

with outside dry bulb and/or peak
loads. 1f this &ould be adtcom-
plished, it~ was assumed that a.
governmental, plan ‘checker could
verify-a hand calculated peak load
submitted by the HVAC design en-
gineer (or read a drawing to obtain.
the size .of the instalied equipment)}
and then reféer 1o curves for the ap-
propriaté degreé-day location 1o ob-
tain the annual energy Téquire-
ments. -

Four existing high rise residential
buildings (Table 1) were-analyzed to

-gstablish the typical rectangular and
circular building models listed in

Table 2. The peak thermal loads for
the models were hand calculated
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