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Economic Uncertainties in
Chilled Water System Design

Ron Kammerud

ABSTRACT

The analysis described here examines how uncertainties
inengineering and economic assumptionsmadeduring chilled
water systemdesigntranslateto uncertaintyin commonly used
design decision metrics. The metric used is the benefit-cost
ratio based on discounted cash flow. This analysis was
performed as part of a project that is devel oping engineering
toolsfor usein selecting energy-efficient chilled water system
components, controls, and operating strategies. These tools
include cooling thermal load prediction capabilities and
performance data and modelsfor chillersand cooling towers.
The purpose of this study isto estimate accuracy requirements
for theload and performance datathat will be provided aspart
of thechilled water systemtools. Thelogicisthat thereisinher-
ent uncertainty in the decision metric due to uncertainty in
inputs other than load and equipment performance, and,
consequently, there is a limit below which further improve-
mentsin the accuracy of theload and equipment performance
do not appreciably improve the quality of information avail-
able to the decision maker.

INTRODUCTION

Uncertainty in decision metrics, such as the benefit-cost
ratio or simple payback, is a measure of risk that the designer
and owner face in selecting a chilled water system design. Of
course, these economic metrics are not the sole basis for deci-
sionsinmost cases. Thedecisionwhether toinstall aparticular
technology is part of a broader set of economic and non-
economic considerations, the parameters of which are unique
to the project and to the ownership environment. Though the
decision regarding a particular technology is not separable
from a host of other decisions, the value assigned to the
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metrics used by the decision maker, the confidence that he or
shehasinthat value, and the attitude toward risk, play rolesin
defining where the technol ogy decision islocated in the peck-
ing order of decisions. For this reason it is important that
attempts to improve the accuracy of cooling load and equip-
ment performance dataused in chilled water system design be
accompanied by efforts to understand how those improve-
ments impact the risk faced by the owner and designer.

That uncertainty is a significant issue is borne out by a
study of decision making in the industrial sector (Peterset al.
1996). Key barriersidentified in this sector are expected to be
important for the commercial sector, too. Among the barriers
to energy investment decision, risk wasidentified askey. The
stage of the business cyclethat the company wasin at thetime
of the decision was also identified as an important consider-
ation for the decision maker

The methods of analysis used in this study are consistent
with those recommended by the American Society for Testing
and Materials (ASTM) in a series of standards (ASTM 1997,
19933, 1993b). These standards identify commonly used
methods of economic analysis and describe procedures for
using benefit-cost analysis. ASTM standards also exist for
other methods of economic analysis. Risk analysisisthetopic
of a separate ASTM standard (ASTM 1993c). This standard
describesmethodsfor dealing with uncertainty in theindepen-
dent variables used in cal cul ating common economic metrics
and isbased onwork at the National I nstitute of Standardsand
Technology (NIST) (Marshall 1988).

The techniques used in the uncertainty analyses
described here are closely related to those used to study
measurement uncertainty and its effects on experimental
results. These procedures are described in ASHRAE Guide-
line 2-1986 (RA 90) (ASHRAE 1990) and in ANSI/ASME
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PTC 19.1-1985 (ASME 1985). Considerably more compre-
hensive treatments of these methods are also available (see,
for example, Dieck [1997] and Coleman and Steele [1989]).

Uncertainty analysis techniques have been regularly
appliedinsomeareas. |n energy-rel ated fields, they have been
used by utility planners where there is substantial uncertainty
in future energy requirements that can have appreciable
impact on capacity requirements (see, for example, Violette
and Olsson [1994]). At a somewhat more detailed level, the
techniques have been used in demand-side management
program design to inform resource allocation decisions (see,
for example, Pigg et al. 1995). Sensitivity analyses have been
used to examine the uncertainty in estimates of energy conser-
vation potential (Norris 1996).

Uncertainty analysis methods have been used to estimate
the uncertainty in building simulation estimates (Stern et al.
1994). In this study, simulation inputs were varied in order to
estimate influential coefficients (Spitler et a. 1989) that
describe the sensitivity of the energy requirement estimates
from the simulation to the uncertain input parameters. The
uncertaintieswerethen propagated to the savings estimates. In
a case study application of the method, Stern estimated an
uncertainty of about 30% for the savings estimated by simu-
lation for a ceiling insulation retrofit in residential buildings.
Thisisnot ageneral conclusion; however, it highlightsthefact
that these uncertainties can be substantial, and they will
directly affect the attractiveness of energy technology.

APPROACH

Theapproach consists of developing an expression for the
benefit-cost ratio asafunction of theindependent engineering
and economic variables. The sensitivity of the metric to indi-
vidual input parameters is determined from this expression.
Uncertainties are estimated for each parameter and propa
gated to the benefit-cost ratio using those sensitivities. This
provides in an estimate the range over which the decision
metrics could vary.

Benefit-Cost Ratio

In asituation where oneis attempting to select between a
baseline chilled water system and amore efficient option, one
metric that can be used by the decision maker is the benefit-
cost ratio based on discounted cash flows. This can be written
asfollows:

8760
Y [Lis (g, i—fg L) Pil* Dy,

B/C = =1 (1)
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m *+Cann* D r
where
B/C = benefit-codt ratio,
i = hour of year (12 ? 8760),
L, = thermal load on chilled water system at hour i,
2

fg L1 =efficiency of the base case system in conversion of
kW to Btu,

fe i =efficiency of thehigh-efficiency systemin conversion
of kW to Btu,

P; = electricity price at hour i,

Ce = total incrementd first cost for the technology,

Cann = total incremental annua operating cost (excluding
energy costs) for the technology,

r = discount rate.

Dy, r is the discount factor:

N
1
Dne = 3 N 2
" n=1(1-T1)

where n isthe year and N is the period of analysis.

Thisformulation of the benefit-cost ratio adoptsasimple
accounting perspective. The benefits considered arelimited to
energy cost savings directly attributable to selection, config-
uration, and operation of chilled water equipment that maxi-
mizes system efficiency. Similarly, costs considered are
limited to the additional (1) first cost for design, installation,
and commissioning of the chilled water system and (2) non-
energy operating costs for the efficient chilled water system
(e.g., additional maintenance requirements). It is emphasized
that the costs and benefits are incremental quantities refer-
enced totheenergy costs, first cost, and operating cost require-
ments for an alternative to the base case technol ogy.

The subscriptsL and i on the conversion efficiency allow
for dependence oninstantaneous|oad and climatic conditions;
by not including the subscript n, we are assuming that thereis
no changein performance of equipment over time(i.e., degra-
dation). The formulation does not explicitly account for
demand charges, athough they could be approximated by
adjusting the electricity price parameter. For simplicity, we
have assumed that load and price are cyclic on an annual basis,
so the subscript n has been suppressed for these parameters—
this assumes that there is no “evolution” of the cooling load as
the technological environment changes over time (i.e., no load
reduction due to future installation of energy efficiency
measures and no alteration in the energy use intensity of func-
tional and process equipment).

We assume that the incremental non-energy operating
costs for the technology are the same each year. For simplicity,
incremental costs that recur with a period greater than one year
are neglected (e.g., major maintenance procedures). In prac-
tice, these costs may be somewhat higher for a more sophis-
ticated design. However, we expect that most of the difference
observed in practice would be due, not to differences in main-
tenance recommendations by manufacturers, but to differ-
ences in the way those requirements are interpreted and
adhered to by the maintenance staff. There are probably
exceptions, and one could approximate their effect by prorat-
ing those costs over the recurring cost period.
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By including in the denominator of the benefit-cost ratio
all incremental first costs and operating costs, oneisassuming
that the decision maker requiresareturn on all of theseinvest-
ments at least as large as the discount rate used in the calcu-
lation. There are alternative formulations where the
discounted annual operating costs are included instead as
subtractive terms in the numerator, leaving first costs as the
only term in the denominator. This formulation is used in a
situation where the decision maker requires a return only on
theinitial capital expenditure. In still other cases, where some
of thefirstscostsarefinanced, discounted financing costst are
al so subtracted from the benefitsin the numerator and only the
nonfinanced portion of the first costs are included in the
denominator as funds on which areturn is expected. Indepen-
dent of which of theseformulationsisused, abenefit-cost ratio
less than one indicates that the technology is economically
unattractive. The larger the benefit-cost ratio, the more attrac-
tive the technol ogy.

This formulation of the benefit-cost ratio is consistent
with the convention that costs are accounted for at the end of
each year. Theformulation assumesthat al of theinitial costs
occur at the end of the first year. This is consistent with the
reasonable assumption that the benefit-cost ratio is cal cul ated
during the decision-making process, prior to incurring most of
thefirst costs. Theformulation also assumesthat thereisafull
year of benefitsduring thefirst year. The scale of theinstalla-
tion, specific detail s of the project, and financing termswould
determine the appropriateness of these assumptions. Taken
together, they imply that the benefit-cost ratio cal culated from
the above expression would be somewhat optimistic.

Inflation and escal ation have not been included explicitly
in this formulation. However, since we are dealing with
present values of future costs and savings, inflation effects
would cancel and so are accounted for implicitly. Thisis not
truefor escal ation unlessall of the economic parametersenter-
ing the cost and benefit cal culation serendipitously escal ate at
the same rate. Thisimplies that the discount rate used in the
calculations should be the real rate rather than the nominal
rate. There also isno explicit accounting for taxes and depre-
ciation, so it isimportant to use a before-tax discount rate.

The above expression for the benefit-cost ratio holds,
independent of what tools the designer uses. In the final anal-
ysis, thereisoneand only one correct val uefor the benefit-cost

ratio—and if we had kept all of the data (and were still inter-
ested), we could, in principle, calculate its actual value at the
end of the analysis period. However, this ex post facto valu
of the benefit-cost ratio is irrelevant; the decision of whethe
to use the more efficient equipment option must be made basB
on the benefit-cost ratio defined by design estimates for the

input parameters.

Uncertainty Analysis

tools affect risk. We are not estimating the extent to which the
use of these tools will alter the benefit-cost ratio by leading to
a better design; that is clearly a highly application-specific
issue that is beyond the scope of the present study.

In calculating the benefit-cost ratio, uncertainty will be
associated with all of the parameters that enter the calculation.
Whether one uses standard practice tools, methods, and calcu-
lations, or more advanced tools, there will be some degree of
uncertainty in each of the input parameters, denotefl hy
Afg | i Ofg )i, AP}, ACe, ACppy, AN, and Ar. These compo-
nent uncertainties are propagated to the benefit-cost ratio
using standard Taylor Series expansion techniques. As is
common practice, we retain only the first-order terms in the
expansion:

o(B/C)

m
B/C = (B/C)[,+ ¥ {Axk- o,

k=1

} @3)
XA

wherey, are them independent variables in the benefit-cost
calculation, and where the benefit-cost and partial derivative
terms on the right are evaluated at the pRE® (X1, o X2, A
<. Xn, A) @NAAX = Xk — Xk a- Note that although the notation
is not explicit in this regard, the expansion describes the bene-
fit-cost ratio in the immediate vicinity of the ratio at the partic-
ular set of inputsy,, that is, for small values d¥,.

Rearranging the expansion,

m

AB/C) = 5 {Axki-
k=1

0(B/C)
Xy

} ()
XA

This expression describes the deviation of the benefit-cost
ratio from its value at poirg, due to small deviationsy,, in
an individual independent variable from its nominal values at
Xa- For a particular set of deviations frgg, the individual
Ay, can take positive or negative values. In a specific situation,
we do not have complete information—we do not know the
direction of the deviations. The standard procedure is to square
both sides of the expression to obtain, after simplification,

2 _ ., 9(B/C)7?
[AB/C)) = iz[Axi o |

()
d(B/C) 9(B/C)
+2022 . 3 .Rj,k.AXj.AXk
j k#j X Xk

hereR; | is the correlation coefficient afy; on Ax,. Note

at although the notation has been altered for clarity, the
grtlal derivative terms on the right side of the equation are
valuated at poing, as before.

In this analysis, the uncertainties in the individual param-
eters are assumed to be independent, so the second term
vanishes. For uncertainty in a single paramgfethe result-

ing uncertainty in the benefit-cost ratio will be estimated from

In this study, we are examining how uncertainties in the

input parameters propagate to the value calculated for the A(B/C) = A, * a(B/C (6)
benefit-cost ratio. That is, we are examining how improved OXk
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To estimate the total uncertainty in the benefit-cost ratio
dueto all sources when component uncertainties are assumed
random, the component uncertaintieswill be added in quadra-
ture:

AB/C) = J > [ QT ™
k

=1

In many cases, the uncertainty in the individual parame-
ters is expected to be systematic rather than random. Where
both systematic and random uncertainties are present, there
are accepted procedures for combining the individual uncer-
tainties into a single uncertainty.

The uncertainties in some input parameters will be situa-
tion-specific. For example, the load uncertainty in a retrofit
situation may be smaller than in new construction because one
canmonitor theload inan existing building. Monitoringwould
decrease uncertainties (and therefore risk) at someincreasein
thefirst cost for theretrofit. Theattractiveness of thistrade-off
is undoubtedly situation-specific. As another example, the
equipment performance uncertainty in a situation where a
chiller is being replaced should be smaller than when the
chilled water system asawholeisbeing replaced. Inthisanal-
ysis, we consider only a new construction scenario. We note
that uncertainties in discount rate, analysis period, and elec-
tricity pricein general will be independent of the situation.

BENEFIT-COST UNCERTAINTY ANALYSIS

Inwhat follows, wewill gointo somedetail inconsidering
the uncertainty infirst cost and will provide summaries of the
uncertainty calculations for the other independent variables.

First Cost Uncertainty

The first cost includes all costs incurred to achieve a
working system. Thiswould include design, purchase, instal-
lation, and commissioning costs. In aretrofit situation, where
monitoring isperformed to characterizeloads, monitoring and
analysiscostswould also beincludedinthefirst cost category.
Theincremental first costisthetotal increasein these costsin
going from the base case chilled water system to the efficient
option.

The sensitivity of the benefit-cost ratio to “small” uncer-

tainties in first cost is

a(B/C) 1
= —(B/C)+ 8
aCe (B/C) Ce+(1+r1)* Cppn* Dy ¢ (®)

After simplification, the fractional uncertainty in benefit-
cost ratio due to an uncertainty in first cost can be estimated as

A(B/C) _ —ACe ©)
(B/C)  Cp+Cppn* (1+Dn_y,r)

The incremental first cost uncertaintyCr, can be

base case and efficient equipment optid@;  andACg ,
respectively,

AC: = J(ACq £)*+ (ACE £)° (10)

Assuming the same cost estimating procedures are used
for the baseline and efficient equipment options, one expects

ACB, F ~ ACE, F (11)
CB, F CE, F
Thus,
AC,=AC, .+ |1+[EET 12
F EF ECE, g0 (12)

For typical situations, the first cost penalty for energy-
efficient equipment options is not more than perhaps 25%:

C
075<—2F<1 (13)
CE, F

soACg will be in the range from 1.2BACg ¢ 2 ACg 2 1.410
ACg . For convenience, we take

ACp =135+ ACg ¢ (14)

We define dimensionless parametendm:
ACgr =neCge (15)
Cann = M+ C ¢ (16)

We assume that the same dimensionless parammeter
describes the relationship between annual operating cost for
the base case system and the first cost for that system. Then:

A(B/C) _ -1.35+n ._ Cer
(C/C)  1+me(1+Dy_;,) Cge-Cge

(17)
This expression has been evaluated for a realistic range of
values for the dimensionless paramétéiis the equation:
2%<n<10%
3%<m< 9%

4<Dy, <12

0.65< (C:B/CF)<0.95 (18)

L For discount rates and analysis periods typical of these types of

analysis(e.g., 5% <r < 20%, 5< N< 20 years), thediscount factor

is3< Dy < 12. Dy, takes on large values when the period of

analysisislong andthediscount rateissmall, and Dy  issmall for

short periods of analysis and high discount rates.

2 The choice of the range for the parameter n is based on estimates
of contingency funds typically included in construction budgets.
R. S. Means (1998) indicates contingency allowances of 15% at
conceptual design, 10% at schematics, 7% at the preliminary

expressed in terms of the uncertainties in the first cost for the working drawing stage, and 2% at final working drawings.
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Figurel Resultsof the numerical evaluations.

Theresults of the numerical evaluations are presented in
Figure 1. Note that the general shape of these curves, with the
rapidly increasing slope as (Cr®/ CF) approaches 1, isdue to
thefact that we are examining the uncertainty in the difference
between two large numbers. The uncertainty in the difference
between these numbers due to uncertainties in the numbers
themselves becomes large as the difference between the
numbers becomes small.

For intermediate periods of analysis (i.e, 10 to 15
years) and modest discount rates (6% to 10%), the center
graph (Dy , = 8) is appropriate. The choice of the remaining
parameters in Figure 1 will be dependent on the chilled
water system installation scenario (i.e., new vs. retrofit). For
new construction, we estimate first cost uncertainty for

the equipment. Note again that the analysis considers only the
incremental operating cost for the efficient technology option
relative to the baseline option.

As with first cost, uncertainty in incremental annual non-
energy operating costs is expressed in terms of the uncertainty
in the absolute operating costs for the base case and efficient
systems. As before, we assume that for a particular cost-esti-
mating procedure, the fractional uncertainty in the annual non-
energy operating costs for the base case and efficient systems
will be essentially the same. Furthermore expect®

CB, Ann = CE, Ann (19)
and so,

ACppy =14+ ACE ann (20)

Ann

The benefit-cost uncertainty can then be written:

AB/C) _ 1Acn-m-Dy_y. _ Cer 21)
(B/C) ~ 1+me+(1+Dy_;,) Cgr—Cer

As before, the dimensionless parameteis the frac-
tional uncertainty irCg 5n,andmis the fraction ofC¢  that
is required for annual non-energy operating costs. We assume
the same value ofidescribes the annual non-energy operating
cost for the base case and efficient system options.

This expression has been evaluated for a realistic range of
values for the dimensionless parameters:

2%<n<10%
3%<ms< 9%
4<Dy, <12

0.65< (C-B/CF)<0.95 (22)

The results of these numerical evaluations are presented
in Figure 2.

Again, considering intermediate analysis periods (i.e., 10
to 15 years) and relatively low discount rates (6% to 10%), the
center graphy , = 8) is appropriate. The choice of the
remaining parameters in Figure 2 is expected to be dependent
on the chilled water system installation scenario. We estimate
operating cost uncertainty for chilled water systems in new
construction at perhaps + 5%. As before, assuming a first cost

chilled water system installation at perhaps + 5% at the stage \qte that this does not imply that baseline systems will actually
of design where alternative plants are being considered. We receive the same amount of maintenance attention as the efficient
estimate the first cost premium for the efficient chilled water systemin practice. Instead, it is a statement that the choice of an
system at perhaps 20%. This translates to a benefit-cost efficient chilled water system does not, by itself, increase main-

uncertainty of about £25% due to uncertainty in first cost.

Annual Operating Cost Uncertainty

tenance requirements in most cases. Note also that thisis not true
for some technologies (e.g., engine-driven chillers).

4 For discount rates and analysis periods typical of these types of
analysis(e.g., 5% <r < 20%, 5< N< 20 years), thediscount factor

The annual operating cost includes all costs other than is3<Dy , <Dy < 12. Dy, takesonlarge valueswhen theanal-
those for electrical energy for operation. This would include ysisperiodislong andthediscount rateissmall, and Dy ,issmall
labor and disposable materials associated with maintenance offor short analysis periods and high discount rates.
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Figure2 Results of the numerical evaluations.

premium for the efficient chilled water system of 20%, the
uncertainty in the benefit-cost ratio due to uncertainty in non-
energy annual operating costs will be about + 15%.

Electric Price Uncertainty

The benefit-cost uncertainty depends explicitly on the
nature of the price uncertainty. In a case wiAgre o (i.e., the
price uncertainty is an offset from the expected price), the
benefit-cost uncertainty is

A(B/C) = (B/C)|, (25)

i = $3/kWh

In a case wherép = ¢ [ (i.e., the price uncertainty is
proportional to the expected price), the benefit-cost uncer-
tainty is

A(B/C) = €+ (B/C) (26)

The results for both of these cases are obvious from
inspection of the benefit-cost expression. For the present
purpose, Case 2 is more convenient and should suffice as an
indicator of the benefit-cost uncertainty resulting from price
uncertainty. For this case,

A(B/C) _ Ap
B/C) b 27)

In estimating electricity price uncertainty over the next
5 to 15 years, several issues must be considered. How will
regulatory pressures associated with combustion emissions
and other environmental preservation issues affect genera-
tion? How will environmental issues affect transmission,
and how will long-term costs associated with nuclear plants
(i.e., decommissioning) actually be paid? What new technol-
ogies will enter the generation market? How will deregula-
tion proceed and what will be its effects on price? It is
difficult to attach numbers to any of these questions. Recent
experience may be a useful guide—since 1980, there has
been a 20% reduction in the real cost of electricity in the
U.S. (Cavanaugh 1997). One cannot help but wonder what
the predictions for the future price of electricity were in
1980—they were probably for increases in the real price,
and, if so, the real uncertainty was actually larger than 20%.

We assume that the hourly prices are discrete, with possihere is no apparent evidence that our ability to anticipate
bly different values for each hour. Although we cannot differ{echnological advance and/or regulatory evolution is better
entiate price with time (because it is not a continuous functiofoW than in 1980. It seems reasonable, therefore, to assume

of time) we can differentiate with respect to a price paramete® Price uncertainty of at least

p(t), where

Pi = p(t)|t =j

(23)

+ 10% for even relatively
short-term analyses (i.e., five years). With this assumption,
the fractional uncertainty in benefit-cost ratio due to uncer-
tainty in electricity price is about + 10%. One expects that
for longer time horizons (i.e., > five years), considerably

The differential with respect fois well defined because larger uncertainties in price would be appropriate.
the price at any time is assumed to be able to take on a contin-
uous range of values. The uncertainty in the benefit-cost ratidiscount Rate Uncertainty
due to an uncertainty in pricap, is given by

8760

Y [Lie (fg,Li—fg i) * Ap* Dy (]

A(B/C) = =1

1+r

+ CAnn * DN

, r

(24)

The fractional uncertainty in the benefit-cost ratio can be
written:

A(B/C) _

(B/C) (28)

I"C':‘Nmr

where the functiosy ., , is defined as
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1 Lol .1 90N
T+m-(1+Dy 1 n) Oi+r Dy, “or 0 &9

C';N, mr ~

As before, the dimensionless parameter m is defined as
the fraction of the technology first cost that is required for
annual operating cost, which we assume to be the same for
the base case and energy-efficient system options. Figure 3
shows numerical evaluation for parameter Gy , , @ a
function of N for values for m and r that span the likely
range for these variables. For intermediate periods of analy-
sis (i.e., 10 to 15 years) and discount rates between 5% and
20%, Gy m, r ranges from about -4 to -2.

Therefore,

A OB,
2+ Ar< (B/C) <4 Ar (30

At apoint in time, most owners will be able to define a
discount rate for use in their financial analysis. In general,
the discount rate will not be a concrete number and it will
change over time in response to general economic conditions
and to specific business conditions. Over a period of five
years or longer, the discount rate uncertainty must be on the

Analysis Period Uncertainty

The fractional uncertainty in the benefit-cost ratio is

AB/C) _ an.
B/C) - AN*Hym: (31)
where the functioty , , is defined as
oD
Hymr = 1 LS (@)

1+me(1+Dy,) Dy, or

Again, the dimensionless parameteis the fraction of
the first cost required for annual non-energy operation and
maintenance, and we assume the same valoedafscribes
operating costs for both the base case and efficient equipment
options

Figure 4 shows numerical evaluations for the parameter
Hn, m r @s a function oN for values fom andr that span the
likely range for these variables. For intermediate analysis peri-
ods (i.e., 10 to 15 years) and discount rates between about 5%
and 20%Hy ,, r will be between about 0.01 and 0.06. We esti-
mate thalN=+ (N)/3 . If we take 10 years as a typical invest-
ment time horizon, then the fractional uncertainty in the
benefit-cost ratio will be in the range from + 3% to + 20%.

order of /2. If this is true, then the fractional uncertainty in Decision makers with large discount rates and longer time
the benefit cost ratio will range fromr#o + 2, depending horizons define the lower bound, while the upper bound is
on the owner’s investment time horizon and the discount ratéefined by those with small discount rates and short time hori-
itself. Decision makers with large discount rates and shorons. (Note from Figures 3 and 4 that the time horizons for the
time horizons define the lower limit, while those with smalldecision-making group associated with the upper and lower
discount rates and longer time horizons define the uppdimits for discount rate uncertainty are the opposite of the time
limit. If we take a 10% discount rate as typical, then the bendrorizons for the groups that define the upper and lower limits
fit-cost ratio uncertainty will be between + 10% and + 20% for analysis period uncertainty. Both the group with long time

For convenience, we will use £ 15% as the estimated uncehorizons and the one with short time horizons will see substan-
tainty in the benefit-cost ratio due to uncertainty in thetial uncertainty in benefit-cost ratio associated with one of the
discount rate. two parametersor convenience, we will use + 10% as the

0 T T —r 0.5
: r=0.20, m=0.09 1 [ o
r=0.20, m=0.06 . N = Analysis period
r=0.20, m=0.03 : D
2 . 0.4 A r = Discount rate
L L C B8=m.Cc?®
O j Ann F
- h-l~ I‘ E = . E
-4 I Y. . -y, § 03 [ \ CAnn m C;
= [ / [ - - L ¢
3 r=0.05, m=0.09 "0 . 1 é [ X
~e.. E \ _n 02
Z r=0.05, m=0.06 / .. = Y r=0.05, m=0.03
© 6 — r=0.05, m=0.03 I 02 8 r=0.05, m=0.09
| N = Analysis period . /
[ r = Discount rate ‘1 /
-8 C B=m.C® 0.1 N
Ann F +
E_meCE
Cpmn =M G, ]
-10 P l P P P 0 b
0 5 10 15 20 0 5

Analysis Period (years) Analysis Period (years)

Figure4 Numerical evaluations for the parameter
Hx, m, r @s a function of N for values for m
and r that span the likely range for these
variables.

Figure3 Numerical evaluation for parameter Gy ,
asa function of N for values for m and r that
span the likely range for these variables.
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estimated uncertainty in the benefit-cost ratio due to uncer- indicated above (i.e., 100% larger!). Conversely, if the perfor-

tainty in the period of anaysis. mance advantage of the efficient equipment option over the
_ _ base case is larger (i.e., 30% instead of 20%), then the frac-

Equipment Performance Uncertainty tional uncertainty in the benefit-cost ratio will be smaller than
The uncertainty considered in this section is the differ-  indicated above (i.e., only 30% smaller).

encein equipment performance between design assumptions The dominant component in a chilled water system from

and actual operation. This will include deviations in chiller, ~ the kW/ton performance perspective is the chiller, which
cooling tower, and condenser water pump performance char- accounts for perhaps 70% of the total energy use of the system.
acteristics and system level effects. The uncertainties will We estimate the uncertainty in chiller performance as + 5%,
include both deviations from manufacturers’ publishedVhich assumes use of very effective design tools. For refer-
performance characteristics for new equipment and degrad@nce. ARI ratings for chillers require variations of 5% or less
tion of performance over the time period of the analysisi.n measured performance at the rating conditions for other-
Design assumptions typically will be biased toward perforwise identical machines. These values clearly would be opti-
mance characteristics that are better than what is typicalfpistic when you consider performance differences between
realized in practice; the bias is apt to be increased by expect@geration under test conditions and field applications and
performance degradation over time. Arriving at a defensibl@ccount for the integrated performance across all of the load,
quantification of the extent of these uncertainties require§ondenser, and supply water temperature conditions that will
considerable guesswork. be experienced in application. Because they are a relatively
In this ana'ysiS, we consider uncertainty in equipmenﬁma” fraction of the total energy use of the chilled water
performance for both the base case and efficient technologystem, we assume that the condenser water loop and cooling
options. As with first cost and annual non-energy operatingPwer will add only slightly to the uncertainty in the overall

cost, we are dealing with the incremental performance effect§ystem performance. We estimate the uncertainty in new
We define: construction to be + 6%; admittedly, this is a very optimistic
estimate of a designer’s ability to predict chilled water system
FLi=feLi—feLi (33)  performance.
. , . . Given this assumption, we estimate the uncertainty in the
We assumé; Is a continuous functionProceeding as benefit-cost ratio due to uncertainty in system performance to

with firs_t CC_)St aqd annual non-energy ope_rating cost, thﬁe a minimum of £ 35%. This estimate treats the uncertainty
_uncertalntymthe mcrernen_tal performante, ;is expressed as if it is random (i.e., normally distributed). If, instead, we
Il::] terms of th%ur;f(.:e.rtamty in the abso'!‘te pen;]qrmgqge of thﬁssume that the error is systematic and has a rectangular prob-
ase case and efficient equipment options. This yields ability distribution, then for the same assumptions, the benefit-
AF . cost uncertainty will increase to about £ 50%.
L,i_ Af
=14 - (34)
Li B.Li ELI Cooling Load Uncertainty

whereAf is the uncertainty in the absolute performance of  The sensitivity of the benefit-cost ratio to cooling load
either the base case or efficient equipment option. If wean be written as
assume that the efficient technology option provides a 20%

performance improvement over the base case, then 8760
AF. Y [(fgi=Te i) * Pil* Dy
¢=i7'g (35) 6(B/C):i=1
FLi f oL Cr
’ T+7 T Cann® D
The fractional uncertainty in the benefit-cost ratio 8760 (37)
becomes LW izfend o7,
Z i oL i N, r
i=1
T+r " Camn® Dnr

In a situation where the performance advantage of the
efficient equipment option over the base case is smaller than In a simple case where the performance curves for the
that assumed above (i.e., 10% instead of 20%), then the fraease case and efficient options (kW/ton vs. tons for the portion
tional uncertainty in the benefit-cost ratio will be larger thanof the chilled water system being designed) are essentially
parallel, thenkg | ;—fg | ;) is constant, and the second term

In some cases, F,_; will be only piecewise continuous. For exam- is 0. This assumption will be valid in a limited number of situ-
ple, this will be t}he in a case where the base case and efficient  ations. In particular, it may hold in some cases where a BMS

equipment configurations include a different number of chillers IS being installed or where an existing control system is being
and/or equipment staging is different. enhanced. In the more general case, the curves will not be

5.
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parallel. For example, if one wereto compare a design where
there are multiple, staged chillers to one with a single larger
chiller, then, for atypical load, thetwo systemswill beinvery
different regions of the typical kW/ton curve. We have found
no general, simple expression for the uncertainty in the bene-
fit-cost ratio under these conditions. It is not clear that it is
possible to do so without selecting specific system perfor-
mance curves. For this reason, we will not include the uncer-
tainty in the benefit-cost ratio due to load uncertainty in the
summary below, and we will, therefore, be underestimating
the actual uncertainty. Instead, wewill usethe uncertaintiesin
the benefit-cost ratio due to the other parameters to define
limits on the desired accuracy of the load data used in chilled
water plant design.

SUMMARY

In this study, uncertainty in the benefit-cost ratio and in
simple payback have been estimated. Theuncertainty isdueto
uncertainty in the parameters that enter the calculation. Table
1 summarizes the results for the six independent variablesin
the benefit-cost ratio for which estimates of uncertainty were
possible. Calculations similar to those described in the previ-
ous section were also performed using the simple payback
metric; these results are also included in the table.

Asdiscussed earlier, uncertaintiesin the benefit-cost ratio
and simple payback due to uncertainty in the cooling load
profile could not be estimated without making specific
assumptions about the performance of the chilled water
system as a function of load. Adding the uncertainties for all
other independent variables in quadrature results in total
uncertainty of 54% and 59% for the benefit-cost ratio and
simple payback, respectively. Because we have not included
uncertainties associated with the cooling load, these total
uncertainty estimates are conservative.

The key sources of risk in selection of an efficient chilled
water system are equipment performance, first cost, and non-
energy operating cost. This is not surprising since these

to the difference. Modest uncertainties in either of the values
will result in appreciable uncertainty in the difference.

CONCLUSIONS

Improved load and equipment performance data will
allow designers to identify better chilled water system config-
urations and to identify better equipment, controls, and oper-
ating strategies; the tools will allow design of more energy-
efficient systems. However, there is appreciable uncertainty in
economic metrics commonly suggested and used. The uncer-
tainty appears to be in the area of 50% even when using some-
what conservative estimates of component uncertainties. That
is, even when the nominal benefit-cost ratio for the improved
system is appreciably greater than 1, the decision maker is still
at substantial risk that the additional investment will not meet
the criteria.

In the analysis, we assumed an equipment performance
uncertainty of + 5%; in spite of the fact that this is believed to
be a far lower uncertainty than we can achieve with existing
tools, this still translates to a large source of uncertainty in the
decision metrics. Using engineering tools and data available
today, the equipment performance uncertainty is probably
greater than £ 20%, implying benefit-cost uncertainties on the
order of 100%. We do need vastly improved equipment perfor-
mance data and tools. One question that does remain is how far
the tools and data issues can usefully be pushed before equip-
ment dynamics must be considered. It is probable that this is
not yet an issue.

From an engineering perspective, it is always tempting to
tighten the engineering screws so that we have more accurate
load data so that we have a better estimate of the energy cost
savings. However, energy cost saving by itself is not an
accepted decision-making metric, so the benefit of this
approach is questionable. There is a reasonably well defined
limit beyond which it is simply not useful to try to reduce the
uncertainty in the load data that are used in developing a

parameters enter the calculation as incremental quantities—gparticular design. It appears that the inherent uncertainty limit
differences between two values that are typically large relativior the benefit-cost ratio due to uncertainty in load data is

TABLE 1
Uncertainty Summary for New Construction
Input Parameter
| dentity Uncertainty Benefit-Cost Ratio Uncertainty | Simple Payback Uncertainty
Incremental first cost *5% *25% +35%
Incremental annual non-energy operating cg + 5% +15% +10%
Discount rate 12 *15% NA
Analysis period + N/3 years +10% NA
Electricity price +10% +10% +10%
Chilled water system equipment performang + 6% + 40% +60%
Cooling load TBD TBD TBD
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about + 30%. What does this mean? In a particular design, building systems. Designation E 964-93. American

there is little or no benefit to the decision maker in using load  Society for Testing and Materials.

profile data or load distribution data that are more accurataSTM. 1993c.Sandard guide for selecting techniques for

than is required to generate a benefits estimate within + 30%. treating uncertainty and risk in the economic evaluation
Uncertainty in cost parameters can perhaps be reduced, of buildings and building systems. Designation E 1185-

but there is not much reason to be optimistic that this willactu-  93. American Society for Testing and Materials.

ally happen in the foreseeable future. While it is quite likelycavanaugh, R. 1997. Oral presentation at the Cool $ense

that greater accuracy could be achieved through more compre-  National Forum on Integrated Chiller Retrofits. Septem-

hensive construction analysis and planning, itis not clearhow per, San Francisco.
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point where the incremental cost of decreasing risk exceeds ncertainty analysis for engineers. New York: John
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owners are willing to live with whatever is presently the typi-5i. . R H. 1997 Measurement uncertai nty, Methods and
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risk in the economic evaluation of building investments.
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uncontrollable parameters, such as discount rate and analysis : ;

. . ) . National Institute of Standards and Technology.
period, we cannot beat down the uncertainty by improving ane& s GA 1996. Sensitivit sis f timati
of our measurements or analytical techniques—these unc orms, S.A. i ' ?nstl_ 'Véy anagesrls_ or is Imgllr;g Zn.ergy
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