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CIRAF“ ECONOMIC OPTIMIZATION METHODOLOGY

R.C. Sonderegger, PG Cleary, J.Y. Garnier, and J.D. Dixon

ABSTRACT

CIRA is a user—friendly, microcomputer—-based energy analysis and
retrofitting tool for residential buildings. CIRA can develop a monthly
analysis of heating, cooling and appliance use, as well as a list of
retrofits, ordered by decreasing savings-to-cost ratio, for any house
and any climate specified by the user. The list stops when no retrofits
with a positive economic return remain or when a preset budget is
reached, whichever comes first. This paper presents the approaches used
in CIRA to deal with 2 number of well known problems inherent in
economic optimization of buildings, such as 1) interactions among
retrofits, 2) handling of mutually exclusive retrofits, 3) decreasing
marginal returns as more retrofits are installed, and 4) constraints on
computer time and memory.

KEYWORDS

Economic optimization, retrofits, buildings, microcomputers, life—
cycle costing, energy analysis.

INTRODUCTION

A microcomputer—based package of programs has recently been
develobed which performs residential building energy analysis and
determines economically optimal mixes of discrete energy-saving measures
(retrofitS) for a given building and for a chosen dollar budgét. The
program package.is called "Computerized Instrumented Residential Audit"
(CIRA).l The catalog of retrofits used by CIRA approaches 100 items; it

includes envelope performance retrofits (such as increased insulation
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and 'éir—leakage reduction), HVAC modifications (such as replacement
burners and duct sealing), appliance improvements (such as water-heater
blankets and efficient refrigerators) and other miscellaneous retrofits
(such as clock thermostats). From this catalog the program chooses
retrofits applicable to the building under consideration and ranks them
by decreasing savings-to-cost ratio. V'Ihis ratio is defined for each
retrofit as the incremental life-cycle savings (energy savings minus
future maintenance and replacement‘ costs) divided by bthe incremental

first cost.

The energy saved for space heating or cooling by.any given
retrofit depends on which other retrofits have already been installed.
This interaction could potentially require a large number of yearlyA
energy consumption calculations to be carried out during optimization.
To reduce computation time, a sch_eme has been developed based on partial

derivatives of yearly energy consumption.

In the CIRA energy calculation model, each retrofit is described
by a change in one ér more of the following: a) the building load
coefficieht, b) the internal gains, c) the furnac»e or air conditioner
efficiency, or d) the heating or cooling distribution losses.. Every
time annual heating and cooling energy consumpt ions are evaluated, CIRA
alsc calcuiates their partial derivatives with respect teo (a). and (b_).
The energy saved by each retrofit can be estimated for changes in (a) or
(b) as the product of the partial derivatives and the change in »(a) or
(b) . For changes in (c) and (d), analytical expressions are used to

estimate the energy -saved.



During'optimizafion, CIRA chooses retrofits in order of individual
savings-to-cost ratio until the annual energy cdnsumpfion haé been
reduced by an estimated 25%. At thié stage, the chosen retrofits are
"installed" in the house by making the cumulative changes in (a), A(b) .
(c) and (d) -above perrﬁanent. The energy consumptions and derivatives
are recalculated, and the‘ estimated savings from the installed retrofits
are adjusted so that the sﬁm of the savings is correct. .'I_his process of
choos,ing,l installing, and adjusting is repeated until either . the dollar
limit is reached, or nc more retrofits exist with Savings-to-cost ratios
greater 'vthan one. ’n'_xis ‘paper describes this process in detail and

illustrates it using a sample house.

~ ENERGY AND COST CALCULATIONS

Calculation of Yearly Energy Calculations

Monthly energy calculations are performéd for fi.ve uses: space -
heating, space cooling, domestic wa'ter"heatiné,-_ eiectricity, and fossil
fuel use for other appliances. The last threé energy calculations are
rélatively straightforward and dépend' on the program user's inpi.tts
regarding the stock of appliances, the number of occupants, and so

forth.

Space-heating and space-cooling consumption is calcblated using
monthly, variable-base degree-days and dégree—nights for both heating
and cooling Seasons. The. base temperatures used in calculating the
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degree-days and degree-nights are defived from thermostat settings,
solar and internal gains, infrared radiation losses to the sky, and the
thermal performance of the building envelope. Thermostat setbacks are'
handled by using the concept of effective thérmalvmass~of the house.
Performance variations of HVAC equipmenf with'changes in part load and
ambient conditions are taken into account. - Degree-days and degree-
nights for different reference temperatures.are‘evaluated by using a
site-specific empirical cofrelation with monthly average daily and
nightly outdoor temperatures. Space heating and cooling predictions
using this method have been shown tovapproximate the results from thev

DOE-2.1 building simulation program within ilO%.z

Preliminary
' comparisons with measured energy consumptinn data from 42 houses have
shown a comparable correspondence*between'measured and predicted yearly
heating and appliance energy consumption, with higher discrepancies for

month-by-month consumptio‘ns.3

Calculation of Energy Savings of Individual Retrofits

As discussed in Ref. 1, CIRA‘calculatE$ the enefgy consunption of
a house as a function of nany parameteré, such as thermal resistance,
leakage area, thermal mass, spatial distribution of thermal resistance
and leakage area, furnace efficiency, and distribution losses. For a
given house, these parameters may each have up to four different values:

for heating day, heating night, cooling day, and cooling night.

The CIRA retrofit database stores information on how each of these

parameters is altered by a retrofit. More than one parameter may be
-4— '



changed. For example, adding a Storm windéw in winter will decrease the
buiiding load coefficient by increasing the thermal resistance of the
window and decreasing its air leakage, but will also decrease the
internal gains by reducing solar gain. The actual database entry for

this retrofit (in Reverse Polish Notaticn) reads: .

. Al12=(D12 T .92+4I) : Al3=(D13!.6%*) : A09=(D09!.88%*) (1)
where
I is the symbol for the "invert" operation,
! is the symbol for the “enter" operation,

Al12/D12 are the new and old U-values, respectively,
Al3/D13 are the new and old specific leakage areas,

A09/D09 are the new and old winter solar gain factors.

The above instruction thus reads: "add R-0.92 (in imperial units) tc the
window system being retrofitted; reduge its 1eakage areé by 4b%; reduce
its winter solar gain factor by 12%." The program translates ﬁhese
instructions into corresponding changes of the'building parameters that
determine annual energy- consumption and recalculates the latter. This
structure ailows the addition of almost any retrofit to the database

‘used for the optimization.

It is necessary to retain a retrofit's specific effect on the
building structure, as opposed to global values such as "percent
savings," because the enefgy savings actually achieved by each retrofit
will depend on local weather conditions, on the thermal characteristics

of the house, and on what retrofits have been previously installed. A
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shortcut to increase the speed of calculation will be presented in a

later section.

Dollar Savings and Costs

For each retrofit, the energy saving calculated by CIRA is
converted into a gross lifetime dollar saving by multiplying by the

price of energy and reducing to present value:

N

l+ean _
SPITOTIt) s N

=1

where
__/_\_Elf are changes in yearly consumption for each

fuel caused by the retrofit (GJ/yr or Mbtu/yr),

f is an index denoting fuel type,

Pf are fuel prices ($/GJ ror $/MBtu) ,

e are real fuel price escalation rates (fractional) '
d is the real discount rate (fractionai) .

The time horizon, escalation rate, price of energy, and discount

rate are all input by the user; they are not fixed by the program.

Maintenance costs are given as a percentage replacement after a

number of years, e.g., 100% after 3 years for plastic storm windows.
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(The costs and the maintengnCe schedules of all retrofits are stored in
-an external -database, and can easily be changed'By Ehé-user to suit
local conditions.) If the lifetime of a retrofit is Shoft, more fhan one
replacement may be needed. For example, for a l0-year horizon and
plastic storms, replaéement will occur after three, six, and nine years,

so' the maintenance cost would be:

: PR  /I'+m _ '
M=IC*  # ‘ (3)
100 1+d

n=3,6'9

where
IC\is the initial cést for the retrofit ($),
M is the present value_of‘maintepance expenditures over the
life of the retrofit beingAcqnsidered (%),
m is the real escalation rate of maintenanée costs (fracfional),
d is the real discount rate (frac;iqnal),
PR is.the percent replacemenﬁ of tﬁe re;rofit necessary at period-

_ic intervals (%).

Real escalation rates are yearly cost increases corrected for general
inflation. For instance, real and nominal maintenance escalation rates

are related by the expression:

(4)



where

m is the real maintenance escalation rate (fractional),
m' is the nominal maintenance escalation rate (fractional),

i is the inflation rate (fractional).
For the purposes of the printout (Fig. 1) the maintenance cost is

annualized to:

n=N
, S/ 1+ m\P? - .
3 o I
/ 1+d | »
- n=l

where
AM is the annualized maintenance cost ($),

N is the economic horizon (years).

AM is therefore the amount ih>constant}dollars that would have to be

paid into a fund every year, increasing 100*m % per annum, to pay for

all maintenance over the lifetime of the retrofit. The initial cost of
a retrofit is calculated from data in the retrofit 1ibrary as:

~

IC=.Cf+(Cm'*Q) (6)

IC is the initial cost ($),
Cf is the fixed cost ($),

qn is the marginal cost per "quantity" of retrofit ($/Q),

Q is the quantity of retrofit (e.g., square foot, linear foot).
-8- :
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The total lifetime dollar savings (LS) from a retrofit is the sum
of the dollar savings minus the sum of the maintenance costs, S-M as

defined above. ‘The savings-to-cost ratio (SCR) is defined as

S-M
SCR =

(7)
Ic ’

As discussed in the next sections, retrofits are ranked m decreasing
order of SCR and retrofits with an SCR of less than one ére relf\oved from
the list. This optimization' criterion is somewhat biased .in favor of
low-cost measures. Another possible optimization criterion could have
been net life—-cyclle savings, the quantity (S-M-IC), but that, in turn,
favors expensive retrofits. A Areview _\and discussion of economic

optimization strategies can be found in an NBS pamphlet.4

ECONCMIC OPTIMIZATION

Principle of the Optimization Procedure

After the energy consumption of the original house has been
evaluated, the retrofitting process begins. First, CIRA scans a disk

library of several hundred retrofit options. The entries contain costs
-9-



(per square foot, per linear foot, or per unit) and figures of merit
(typically: added thermal resistance, decreased solar or internal gains,
decreased 1eakagbe area, and improved efficiency). Those retrofits which
physically cannot apply to the building are not. considered — e.qg.
cavity insulation for solid masonry walls or sliding storms for casement
widows.  For each retrofit, initial and maintenance costs. are
calculated, the latter including a periodic allowance for partial
replacement where appropriate. The next step is to rate each retrofit
by the energy it would save if taken alone. These savings are converted
to dollar savings, and reduced to net present_ value. From these items
the sévings—to-cost ratios are calculated. The retrofits are sorted by
this ratio, and the retrofit with the highest savings—to-cost ratio is
ch_osen‘, then removéd from the list of retrofits and installed in the
house. Finally, thle new energy consumption of the house is

recalculated.

Now the process starts anew. Each remaining retrofit is re-rated
(for the altered house) by calculating a new savings-to—-cost ratio.

These retrofits are sorted, and the best one chosen and installed. The

second installed retrofit naturally has a lower savings-to-cost ratio -

than the first, and this trend continues as more_.retrofits are chosen.
The loop of rating, sorting, installing, and re-calculating énergy
consumpti.on continues until there are jno more cpst-effective retrofits.
The list of retrofits is then printed out, together with relevant
economic parameters. A sample CIRA output for a limited library of
retrofits is shown in Fig. 1. At the top is some summary information

about the house and the economic assumptions. The economic horizon in

this case is 20 years. 'The fuel costs chosen represent the national
-10~ :



averages for residences in April, 1982.5 The‘ rest of the printout shows
the list of retrofits ordered by decreasing SCR. ‘The "Name and
Location" column refers to componénts of the house, such as windows and
walls, and to their user--chos'en names, such as "West" windows or "North"

walls. The remaining four columns are self-explanatory.

Discussion of a Sample Retrofit of the Hastings Ranch House

The sample house used throughout ‘this paper is an uninsulated
ranch house in Washington, D.C. weather, built according to the

"Hastings Ranch House" specifications.®

The optimization begins with a rating of all applicable retrofits

v -~

in the liibrary. Figure 2 is an illustration of the results of this
initial rating process. Each retrofit is répresented by a sloping line.
’ihe horizontal coordinate at the end of each line représents the»initial
cost; the vertical coordinate represents life-cycle savings ‘of a
retrofit, taken by itself withqut‘ chSide.ring any interactions yet. In
this  example, all linés have slopes ‘greater than énée,'thatv is, each one’
would be cost-effective taken by itself. Not surprisingly, the first
retrofit chosen for the sample house in these weather conditib'ns is to
réset the ‘mtér-heater thermostat: to 120 OF.  This has a nomin‘al cost “of
50 cents, and saves $687 over the 20-year period under ccnsiderat.ion,'
including maintenance costs and after reducing to present val,ue. Its
saving‘s-—to—cést ratio is 1373 (the -printout in 'Fig. 1 shows 999.9 for
any savings—to-—cost- ratio greater or equal 1000). ‘The water-heater

thermostat reset was chosen because it is steepest, its savings-to-cost
-11- '



ratio is greatest. . In Fig. 2 this initial .retrofit is shown as a small,

almest vertical line in the lower left corner.

The next most cost-effective retrofit is an automa,‘tic night
setback thermostat. This retrofit costs $120, and results in a lifetime
saving of $3427, for a sav’ingS-t:o-—cosE ratio of 2_8.6. : Next 1is the
installation of 6 vinches.of loose fibergl_ass in tﬁe attic, at a cost of

$695 for a savings of $12853 and a savings-to-cost ratio of 18.5.

- The noticeable kink in thé curve in vFig. 3 at this point reflects
the quantum jump in savings-to-cost ratio from the initial high-payoff
retrofits to_ the more expensive window retrofits. Normally there would
be/many intervening retrofits to make a smooth curve; the abrupt change

here is a consequence of the smalvl size of the sample of retrofits

chosen to illustrate the optimization.

Continuing with the retrofits,. after an insulating blanket on thé
'watei heater comes double glazing -for the North, East, and West windows,
at a cost of $504 and a saving of $2048, and savings-to-cost ratio of
4.1. The next retrofit is tol remove this double glazing and install
triple glazing instead. ‘This retrofit costs an additional $21_6 (the
difference between triple glazing at $936 and double gl_azing at $720)
and saves an additional $786, for an incremental savings-—to~cost ratio

of 3.7.

The optimal mix of retrofits often depends on the initial budget,
or investment. As the budget increases, it may become coste-effective to

upgrade a retrofit on a particular component with a more expensive, but
-12- ‘



mutually exclusive retrofit with higher savings. In our example, a
budget of $1350 (the sum of all costs.thus far) calls for double glazling
on all but the South windows. After increasing t:he"t')udget to $1566, the
most cost-effective retrofit for this house is triple glazing on the -
same windows. Reférring to Fig. 2, the incremental retrofit from double
to triple glaiing for North windows would be represented by a line (not
shown) connecting the tips of lines #5 and #8 which represent double and
triple glazihg for the North windows, reépectively. " Here, this
incremental retrofit was chosen- because its savings-to—-cost ratio was

higher than any of its competitors at this stage.

A similar removal of an earlier retrofit occurs with attic
insulation, where it is found that goiﬁg from 6 inches of fiberglass to
9 inches has a savings-to-cost ratio of 1.2, after the.installation on
other’c_:om'ponents of several .intervening retrof.its with higher coét--
effectiveness. ° For each installed retrofit, CIRA remembers how to
"undo" its cost to the homeowner and its effect on one or more building
'pa‘rameters, using a string of instructions similar to the one shown in
Eq. 1. | Instructions on how to undo any retrofit must be retained in
case 'a competing retrofit, pre$ent1y not chosen because of inferior
coStdeffectivengss, will be chosen later at a highér level of cumulative

invéstment for lack of better alternatives.

} ‘The next most cost-effective retrofit is double glazing of the
South  windows. Again, this retrofit and all its competitors are
magnified in Fig. 4. which uses theA same scale (but not the same origin)
as Fig. 2. Notice that many 6f the retrofits from Fig. 2 are still

ptesent but the lines representing them are considerably shallower. ~The
-13- ) !



cause is a general decrease in marginal return on. conservation

investment. Intervening retrofits have made double glazing on the South

windows, and all other remaining retrofits, comparatively less ¢o§t-
effective. Double glazing, #11, was éhosen at this point for lack of
better alternatives. The gradual decrease of the savings~to-éost ratio
of any individual retrofit as tile retrofitting process advances is an
expresé’.ion of the diminishing marginal energy savings of retrofits in
buildings: more insulation saves progressively less. An extreme example
is the 85% efficient gas furnace: throughout the retrbfitt_ing process,

it was considered cost-effective, but always less so than other

retrofits. After all other retrofits had. been instal'led, its SCR was

found barely shy of one and was thus exc"luded‘.

Another, related phenomenon can be observed in Fig. 3: the
progressive flattening of the curve represents the diminishing marginal
energy savings with increasing total investment in energy conservation,

a familiar phenomenon in macroeconomics. |

It is interesting to observe how retrofitting the ‘South windows
with double glass was not found co,st—e‘ffective until the. windows on all
other orientations had been triple glazed. For this house, the South
windows are shaded ‘with overhangs. Thus, the cooling savings realized
from reduced summer solar gain due to multiple glazing is scarcely
utilized and reduces the cost-effectiveness of double—gl_azing the South
windows. Multiple glazing is not generally used to reduce solar gain.
Outdoor or even indoor shading, not included in the reduced catalog of

this sample retrofit optimization, would likely be more effective.
~14-
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The retrofitti_ng process ends after the regenerative gas furnace.
Taken as a whole, the optimal packagve 6f retrofits costs $4206 and saves
$25887 over 20 years, including maintenance and reduced to present
value. The cumulative savings-to-cost ratio is therefore 6.2,
equivalent to a discounted payback of about 3 yeafs or an internal rate

of return of over 20%.

Figure 5 shows how the consumptions of the different fuels used in
this sample house vary through this same retrofittihg sequence. As
expected, f.he general trend is downward. Note, however, the slight
'increasesv in heating,consgmption when a more energy-—-e‘fficient
refrigerator (#12) is\ihstalled at a $1734 investment level. ‘This
reflects tﬁe decrease in freé heat in the living space following an
appiiance retrofit. Conversely, cooling consumption benefits from such

retrofits.

In Fig. 6 the same sequence of retrofits is represented by the
total year-ly operating cost of this sample house,b using the di_f.ferent
fuel prices iﬁput by the CIRA user. The periodic retrofi.t maintenance
costs are'_r_lg_t_ inclu’ded in this operating coét. Here, the 'inverse
negative of the slope of the curve at any poin't represents the marginal
simple bayback of the retrofits. For example, if oﬁly retrofits with a
simple payback of 3 years or less were fo be considered ih thisisample
house, then only retrofits on a seétion of curve steeper Atha'n the slope
-1/3 would have to be considered. In this case, this would leave only
the two water-heater retrofits, ‘the clock thermostat, and the 6—inch
attic insulation.
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Implementation of the Optimization Procedure in CIRA

In principle, tﬁe procedure outlined above requires the
recalculation of annual energy consumption each time a single retrofit
is rated. Under such a procedure, a complete retrofip selection process
(in which 200 or more zetrofits, including the same retrefit for
different components, are considered) could require several thousand
‘calculations of annual energy use. ‘This would take an unacceptable
length of time. To speed up the process, CIRA rates the retrofits by‘an
estimate of the savings based on partial derivatives of annuai energy
consumption and installs retrofits not individually but a batch at a
time. .Pfter each batch, it recalculates annual energy consumption and

corrects the estimates.

partial Derivatives

'‘As discussed above, CIRA calculates the ehergy éonsumption’of'a
house as a function of many parameters. However, only four of these are

varied by most common retrofits. They are:

1. B (W°c or>Btu/hr—°F): building load coefficient (includiﬁg
infiltration losses),

2. I (Wor Btu/hr): internal gains (including solar gain and sky
radiation losses),

3. F (fractional): rated heating or cooling efficiency
| ~16-



4. D (fractional): distribution losses.

For a given hbuse,‘these parameters may each have up to four
different values, for the periods heating day,‘heating night, cooling
day, and éodling night. . Because the effect of a retrofit on each of
these four parameters is known, we can estimate this change from the
sensitivity of annual energy use to these four parameters rather than
recalculating the exact change in energy for eachvretrofitf' For B and
I, this sehsitivity is described by two partial derivatives for heating
v-and two for cooling. To estimate the partial derivatives with respect
to building load coefficient, CIRA decreases the latter by 10% and
recalculates the annhal heating and cooling energy use. The'change in
heating energy use divided by the change in building load coefficient
approximates the partial derivative of heating energy use with respect

to load coefficient, with all other parameters held constant.

d E | B, (B) - E. (0.9 * B) ;
—= 1 = = X @)
dB | . 0.1 * B

By
B,

B

E, (B)

Eh(0.9*B) = Energy use of house with B, decreased 10%

energy use for heating,(GJ/yr or MBtu/yr),

building load coefficient for heating (W/OC or Btu/hr-°F),

value of Bh of house to be retrofit,(w/oc or Btu/hr—oF),

energy use of house with Bh equal to B (GJ/yr‘or MBtu/yr) ,
(GJ/yr or MBtu/yr).

For the internal gain derivatives CIRA subtracts 200 Btu/hr (58.6 W)
-17- '



from the internal gain, and recalculates heating and cooling energy use.

where

%

I

I

B (1)

By (D) = By (I - 200%) | B
h | - 200% " . | v 23

it
i
<

= energy use for heating (GJ/yr or MBtu/yr) ,
= internal galns for heatlng (W or Btu/hr),

= value of Ih of house to be retrofit (W or Btu/hr),

energy use of house with I,, equal to I (GJ/yr or MBtu/yr),

Eh(I*ZOO) = Energy use of house with Ih decreased by 200 Btu/hr
(58.6W) (GJ/yr or MBtu/yr),
* . This becomes 58.6 if metric units are used.
For the energy savings from HVAC equipment efficiency increases and HVAC

distribution loss reductions, CIRA uses the fact that energy use is

inversely proportional to rated efficiency and distribution efficiency

(the latter defined as one minus distribution losses):

where

1
i

) O 1
1] ]

Fl * (l—Dl)

(10) e

m l t
N

-

PRy

HVAC efficiency at condition 1,
HVAC efficiency at condition 2,
distribution efficiency at condition 1,

distribution efficiency at condition 2,
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3
i

| = energy use at F, and D

1 1’

5 = energy use at F2 and Dz.

7
]

To rate a retrofit by the total energy use change it causes in 'heating

and cooling, CIRA Simply adds ‘the contributions in the four main

parameters:

ACY

-~

B OF, N
(xh*A%)HYh*AIh)-Eh*(-;-E-—mD? (11)

and
| ODF,  AD
D, = (X, * A B ) + (Y, * AL) = E_ * ( —;_—-‘3 - H)? a2
c (o]

The first two terms in Eq. 11-and 12 a‘re\ the products of the partial
derivatives and chénges in Band I, as described above. The last terms
are an estimate of the change in annuall energy consumption caused by
changes in rated efficiency and distribution losses, based on the

relation in Eq. 10 above.

Grouping of Retrofits in Batches

The second strategy used by CIRA to speed up the optimization
process is to choose retrofits in small batches instead of one by one.
There are two main conditions on the composition of a batch of

retrofits: a batch may not contain more than one retrofit for any
| -19-



component, and may not reduce the estimated energy consumption of the
house by more than 25%. The first condition prevents such events as the
simultanecus installation of double glazing and insulating shades on a
single window. Clear,ly,- the installation of the first retrofit would
greatly diminish the savings from the second. This is called a
collision of retrofits. The second condition is required because the
derivatives vary as the building load coefficient and the internal gains
vary. A 25%'change' in energy consumption is the range over which the

variation in the derivatives has been found to be acceptable.

After a batch of retrofits is installed on the housé, a complete
re—-calculation of annual energy consumption is carried out. The results
of this calculation are used to adjust the savings apportioned to each
retrofit which affects space héating and cooling. The adjustment factor
S0 éalculated no‘rmally lies between 1.05 and 0.95. The saving from each
spaéé’ heating or cooling retrofit is adjusted so that the total saving

is correct.

qu example, the batch of retrofits chosen could be'a new furnace,
a new refrigerator, a water-heater blanket for an electric water heater,
and an insulating panel for a window. Taken individually, they might be
estimated to save exactly 25%. However, when they are installed
together, they might save 23%. The refrigerator and water heater do not
interact with each other, so the sum of the electric savings they gave
indiyidualiy is the saving they give when installed together. However,
savings from the furnace and the insulating panel are affected by the
presence of the refrigerator and the blanket, so they are édjusted

downward to  arrive at the correct total. The complete process is
-20-~



illustrated in Fig. 7. It shows the estimates of space heating and
cooling savings for each retrofit (dotted line) and the corresponding
corrected values (continuous cufve) for each fuel type identical to the
curves in Fig. 5. An asterisk indicates the exact energy calculatéd for
the house with all the retrofits installed that have been chosen so far.
No adjustments of the energi; estimates Aare' needed for water heating and

electricity, as discussed earlier.

Ths opﬁimization begins by estimatihcj the energy savings for all
retrofits éonsidered separately. ‘They are then sorted by decreasing
SCR. The winner is the water-heater thermostat setback;ﬂ the next best
retrofit would be the water heater ‘blanket, which is on the same
component, so the batch is closed. The next batch is the automatic
cloék night setback. It is alone (not included with the previous or
following retrofits) beca't;se of the strong effect of thermostat setbacks
on the partial derivatives. After each batch has been instélled, CIRA
t;ecalculates the exact yeariy energy space heating and cooling energy
consumptions- and corrects the initial estimates. The result is plotted

as the continuwus curve for the first two retrofits.

The next batch of retrofits is limited to thé 6-inches of attic
insulation, as this, alone, decreases the space conditioning consumption
by -one-third. Again, compare the initial estimate with the exact
recalculation. The prbcess continues: wrapping the water heater and
with double glazing the non-South windows form the next batch, then the

exact enerqgy is re-calculated, and so on.

=21~



CONCLUSIONS

Optimizing a mix of retrofits on a building is a tedious process.
It may be compared tb the textbook case of ranking investments by return
on investment. Each retrofit is viewed as an investment in energy
savings; the monetary savings realized over the years to come constitute
tfxe return. However, the analeogy is incomplete at best, as the returns
on retrofit investments are moving targets. With each retrofit that the
"investor" acquires, the rates of return on va}l remaining .retrofits

change, usually becoming lower.

The yearly energy Aconsumpt:ion of a building.is neithét; a linear
nor a simple function of the building parameters, let alone of the
retrofits affecting these parameters. Furthermore, for individual
retrofits the parameters affecting energy are rarely monotoni¢ functions
_of cost. A goed example is the multitude of window shades commercially
available, some cheap and others expensive, Qith little correlation
between R-value and cost. Unless radical assumptions are made about the
cost structure of retrofits and unless the energy calculations vare
considerably simplified, the elegént analytiéal techniques of

optimization under constraints are difficult to apply.8

It is partly because of these difficulties that the numerical,
tediohs approach to retrofit optim'iza.tio_n was taken in CIRA. The
program evaluates the actual energy savings of every possible retrofit
several times as the house under consideration progresses from the

original state to advanced weatherization. The strategy used by CIRA to
_ . 29 _
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find the mix of retrofits with the largest net life-cycle savings is to -

follow the line of steepest ascent. ‘That is, it keeps re-rating

retrofits and implements those with the highest savings-to-cost ratio

until the available budget is used up or- the remaining retrofits point
down. This pragmatic method is simple but effective. Rating ré-trofit_s
by estimated savings, and installing retrofits in batches enables the

method to be efficient for microcomputer applicafions.
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