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utilities offer incentives*to their customers to reduce peak electrical consumption.
10 One of the primary goals is to shift the electrical energy consumed during weekdays
to the off-peak night time and weekend periods when the utilities have excess
generating capacity. This objective of flattening out the time dependent electrical
usage is commonly referred to as "demand limiting"”.
The principle incentive used by utility companies to encourage commercial
15 customers to shift their pattern of electrical usage is the utility rate structure. The
rate structure will include one or more penalty functions designed to discourage
high energy consumption during high demand time periods.
Commercial customers are typically billed based upon the energy consumed
(kilowatt-hours, kW-h) and the peak demand (kilowatts, kw). Energy consumption
20 costs are obtained by integrating the product of the energy consumption rate and
the energy rate over the billing period. Demand is the average instantaneous power
consumed over a 1 to 15 minute interval (depending on the rate structure). The
peak demand is the maximum demand incurred over a particular billing period.
Billing periods are generally based on a monthly cycle, although some utility
25 companies will extend the billing period used to calculate the demand cost for up
to one year. Demand costs are computed by multiplying the maximum demand
incurred during the billing period by the demand charge. In addition, to this
obvious penalty for having a high demand, energy rates and demand charges are
often adjusted based on the time of use (TOU) to further motivate the customer to
30 shift electrical consumption from higher rate "on-peak" time periods to lower rate
"off-peak" time periods. The sum of the energy and demand costs is the amount
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storage tanks may also be made modular which makes them easier to incorporate

15 into retro-fit applications than, for example, chilled water tanks. The primary
disadvantage of storing ice, compared to chilled water or eutectic salts, is a
reduction in chiller COP attributed to the low evaporator temperatures required to
make ice.

In some installations the chiller and thermal storage media are sized to have

20 adequate capacity so that the entire on-peak building cooling load can be met
entirely from the storage system. These types of systems are often réferred fo as
“full storage systems". More often the chiller and thermal storage media are
selected such that only a portion of the on-peak load is met from the storage
system with the remainder of the load being met from a chiller. These types of

25 systems are often referred to as "partial storage systems”. With a full storage
system the chiller is not operated during the on-peak period making the control
'strategy for the system very simple. In contrast, the control strategy for a partial
storage system is typically complex accounting for operating the chilier during the
on-peak time period and discharging the storage system with these systiems being

30 related by several time varying variables. .

Several control strategies have been proposed for ice storage systems each
involving slight modifications to several basic control schemes. The most prevalent
control strategy is chiller priority control (CPC). During the off-peak, low building
cooling load period, the chiller is operated at maximum capacity until the ice storage
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is run at maximum capacity during the ofi-peak period until the storage medium is

20 fully charged or the period ends. The chiller is operated according to a CPC
strategy during this period. For on-peak, the chiller is operated at a constant
capacity such that the ice is completely depleted at the end of the on-peak period.
Again, LLC requires a forecasting algorithm to determine cooling load during the on-
peak period for establishing a chiller capacity setpoint.

25 Another control strategy is described in U.S. Patent No. 4,916,909. This
control strategy also incorporates complex forecasting algorithms and control
heuristics to determine a control strategy for lowering utility costs. This strategy
likewise suffers the disadvantage of requiring multiple complex forecasting
algorithms for long term billing periods. In addition, the strategy is very complex

30 requiring processing of very large amounts of information. _

Ideally one desires to implement an optimal control strategy which minimizes
the integrated energy and peak demand costs incurred over an entire billing period.
the optimal solution, however, requires perfect knowledge of future conditions.
Since it is not possible to accurately forecast more than one day in advance, and
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energy and demand costs.

Brief Description of the Drawings
Fig. 1 is a diagram of an ice sforage system adaptable for use with the
controller of the present invention;
20 Fig. 2 is a block diagram IlluStrating an ice storage system controller in
accordance with the present invention;
Fig. 3 is a flow chart illustrating an ice storage system charging strategy in
accordance with the present invention;
Fig. 4 is a flow chart illustrating an ice storage system discharging strategy
25 in accordance with the present invention;
Fig. 5 is a graph illustrating fractional ice consumption as a function of site
ECR;
Fig. 6 is a line graph illustrating percentage of admissible demand costs
relative to optimal; and
30 Fig. 7 is a flow chart of a preferred implementation of demand limiting.
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5 14. More particularly, #1'BiHeYis Chillbd By Wa¥e? BhillRg unit 20 and pumped
through or around ice storage tank 18 and then to building 12 to provide cooling.
During a cooling cycle, brine flow s through cooling coils 16 and is modulated, in
a known manner, by vaive 30.

15 Ice storage tank 18 is shown preferably located downstream of water chilling
unit 20 to allow water chilling unit 20 to operate at its highest leaving brine
temperature set point and thereby improving water chiller 20 performance. During
a charging cycle, three-way valve 32 is configured such that the entirs flow of brine
is first passed through ice storage tank 18 to maximize the charging rate. During

20 discharge, a flow is established at cooling coils 16 and valve 32 is modulated as
required to maintain the desired supply brine temperature to building 12.

ice storage tank 18 is preferably shown as an indirect internal melt ice
storage tank. The system is characterized as indirect because ice is not directly
formed on evaporator 24 but is formed remotely in ice storage tank 18 via the flow

25 of brine. The system is internal in that ice forms on pipes or tubes (not shown)
located within ice storage tank 18 creating an ice formation (not shown). During
discharge, a warm brine solution is passed through pipes 14 and the ice melts at
the interior of the ice formation. As the ice formation melts, heat is extracted from
the brine and the cool brine is communicated to building 12. It should be

30 understood that thermal storage system 10 may be a direct type system wherein ice
is formed directly on the evaporator of the chilling unit in, for example, an ice
harvesting or ice on pipe type arrangement and/or an external system wherein the
ice formations melt from the exterior such as in an ice on pipe arrangement.

- Referring now to Fig. 2, a controller 40, preferably a microprocessor based
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preferred inpl en‘eg;[ea&{hg,nwao L cFaFan?ansfer tolrkn &ot shown). If the rates are "off-peak” the
method proceeds to step 102 where the controller 40 determines if building 12 is
15 occupied, that is, if building 12 is in a cooling load cycle. If building 12 is occupied,
the method returns to step 100. Otherwise, the method proceeds to step 104. At
step 104, controller receives data from thermal storage system 10 as to the status
of ice storage tank 18. If ice storage tank is fully charged, the method remains at
this step pending a change in status. Otherwise, ice storage tank 18 i s not fully
20 charged, and controller 40 by sending signals to thermal storage unit 10, and
particularly water chilling unit 20 and valve 32, charges ice storage tank 18 at the
maximum charge rate. Controller 40 will aiways recharge ice storage tank 18 to its
high limit during the off-peak period to ensure that sufficient ice inventory is
available for the next cooling period without a forecaster. There is no penalty for
25 fully charging an internal melt tank as standby heat gains do not depend on state
of charge because ice storage tank 18 remains at 32° fahrenheit (F) regardiess of

how much ice is present.
Some systems, such as external melt systems, may incur recharge penalties
during recharge of a partially Discharged storage tank. In these cases, it is best to
30 fully discharge the storage tank during the cooling period. in this case, controller
40 would include a forecaster to predict the next day’s hourly loads. As previously
stated, forecasting is accurate to only about one day in advance. The forecaster
provides controlier 40 with an estimate of the next cooling period building load from
which a fractional ice inventory is determined as the minimum of a fully charged ice
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At step 200, controller 40 determines if ice consumption reduces energy
costs. This determination is dependent on the performance of water chilling unit 20
and the ratio of on-peak to off-peak energy rates (ECR). When the ECR, is high,
15 energy costs are lowered by exhausting as much ice as possible during the on-
peak period and replenishing the ice during the lower cost off-peak period. If the
ECR is low, only the minimum amount of ice needed to supplement a CPC strategy

or maintain the demand cost below its target value should be consumed.
Referring to Fig. 5, as the ECR, increases from a low value to a higher value,
20 a fraction of ice used may be determined as a function of ECR. At, for example an
ECR, value of 1, a minimum amount of ice is consumed since shifting the on-peak
load does not lower energy costs. At a higher ECR value, energy costs are
minimized by consuming all of the ice which can be produced off-peak (note for Fig.
5 that the off-peak time period was time limited resulting in a maximum fractionat
25 amount of ice produced, approximately 0.65. For particular system characteristics,
including thermal storage system characteristics, building characteristics and for a
variety of environmental conditions, it is possibie to choose an ECR switchover
point which allows for selecting one of two thermal control strategies, i.e., choosing
between CPC or SPC priority. This is illustrated in Fig. 5 as the discontinuity at
30 approximately ECR = 1.5. Hence at step 200, a slte specific ECR (ECR,), based
upon utility and system data, is evaluated against an estimated switchover ECR
(ECR,,). Where the ECR,, is larger than the ECR,, a control strategy which
maximizes ice consumption is employed. Otherwise, a control strategy which
minimizes ice consumption is employed. In testing, a worst case cost penaity of
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-5 VO 97;')%9@17 is ed in the present invention via dynamic programming) it was found that
PCT/ US96/ 19060 the demand costs associated with the control which minimized the sum of the
energy and demand costs, closely approached the demand cost associated with
an bptimaf daily minimum demand control (OMDC) applied over a monthly
15 optimization period. The range of possible demand costs are bounded by the
demand costs atiributed to a monthly impiementation of OMDC and optimal
minimum energy control (OMEC) strategies. The terminology “percent of admissible
range” is used to specify the demand cost relative to the OMDC and OMEC demand
costs and is illustrated in Fig. 6. Therefore a 25% range demand cost is located at
20 the first quartile between the demand costs attributed to an OMDC and OMEC.

For the cooling load conditions evaluated, the mean of the demand costs
was located at approximately 1.072% of the admissible range. The highest
percentage (high ECR and tow demand cost ratio, ratio of on-peak to off-peak
demand charges) was 2.528% of admissible range and the lowest percentage (low

25 ECR and high DCR) was 0.430% of admissible range. Thus on the first day of a
billing period, the control should attempt to minimize demand costs without regard
to energy costs. The resulting demand cost should then be used as the TDC for
the next day and so on throughout the billing period. If it is not possible to keep
the demand costs below the TDC, then the TDC for the next day should be set

30 equal to the actual demand cost incurred for the day.

If the result of step 202 is that demand costs exceed the TDC, demand
limiting is implemented and the method proceeds to step 204. That is, energy costs
can be reduced by using ice, and it is desirable to switch to a SPC if the inventory
of ice exceeds an estimate of the remaining integrated building cooling load. The

8-



controller, is coupled to nenory 42 via bus 44. Controller 40 is further

.coupled to send and receive data between thernmal storage system 10
and building 12 via busses 46 and 48 respectively. In the present

i nventi on, coabrg%‘*% 40 i s operabl e, according to g-pu&kisessd
control strategy, for controlling water chiller unit 20 5 operation for

providing cooling to building 12 and for charging and di scharging ice
storage tank 18. iteamvenmiyrepresdntsthegyiouitsf bt equiteeito belt the remainjngddedmside v/

Pl emented as 2 PRASEALT fobih AMARLEE TR Yo ol fihd FOLHOG. SPBTRH B O

controller 40. gure 3,
directs charging obtep@94st the igpainventdry isufficieng to megicthe rrerplibieg wioplingaload the

preferred method i H E’ﬁ)ﬁ_ﬁ&&gds §;§ %8s ;%)fhegrﬁ@ f%’iécﬁér &t ice stora q%ﬁﬁﬁﬂsﬂes

if rates are off-p 'S may " e acconpli by pr gvidi ng w
menory 42 a table maxmaemty rates. Utility rates nmay al so be obtai ned

real time from thl?tHEFe' is 'Hﬁsﬁfﬁ\éieﬁt ﬁvéiﬁ&gté ﬁ@aﬁi‘gethe RerhARih 06819'8 ISR WY -

If the rates are "off proceeds to s wher e
the controller 40 Hﬁ"@ﬁrﬂ‘??égdﬁtf’sﬁ&lapﬁi"’ﬁﬁfei‘fu"%‘cigeapp't?Eé%ﬁl"Eﬁ“ﬁ"PP&'P cp8ls. | f

building 12 is in an@as&;reageshmapbtsp'ms td Gsetib icdisiage’aridschille £ togemer so that
t he met hod returns to st e

erwise, the t hqd 0] s, t 104.
A st op. 104 et cos wikhe ey pof Bl PrieyHbe SERE T B syeBam 1o
?SI Ito t Ee st guush mventnonosf loiad @imitingr comtrol (LLE) &tGatedyf isi emaplojtedr axgit it affdctives at
u charged, the - en.: . in
st at ﬁs. a ger W se, l"ﬂf}ég gg%%%ge L%t"isgs |"gn"r?(‘)"b1%ﬁ?§/e ‘%‘nge%éﬂgrr%%g?%ﬁ’e
controller 40 by sbmtdlirmjom vgr:«aﬂ@ed end Herentite ise vendery imtiapleted by the end of the
particularly waterg u'#!f'd' o&nétb?gzes%&é iM?le@né%veﬁ»@Wﬁﬁﬁ of & ProtoRiongtwilnank

18 at the maxi ys recharge
i ce storage tank 18“%9@“’?%”99 ack cantgH (FBGHJ9-ng t he off peak period to

ensure that sysficient THSeddbatK tovitiol lsﬁategy resporitiéab Iﬂaahauoh@rm ﬂh&loﬁfb‘éblmg
cooling period without a forecaster. There is no penal 3/ fully

for
chargi ng an i nt er nifaterbplecticah power profip i, ’}‘?é'aFPméﬂﬁ 'ﬁ'?t Natoid %Bﬁ@?ﬂi“’&n‘@t ate
of charge because mamamscwmehlimg kinil B0 caoing reRe atithedhigisast podsiviy wlleadohsiétent

regardl ess of rmch | S present. Some systens,
such as external “’1"% mgﬂ/ the@f i ncur recharge penalties during

recharge of a partiall ylnmlecra;ageldventign.aﬂge WErand FBC @heintegrated 4o ekploit thebest
to 30 full yfé" SCQGVaﬂfagEé"@f b%tnf I.]ban.z}ﬁ QH?éti?ﬁhté BeufRPbadbio BJ:W%IoMBstt hi's
d 1 nc e a

case, control orecaster to pre e next
day's hourly | oad Sposqplq)gtg{pr geafing rate consistent with depleting the mventory and satisfying

the building load. Since it insures that the load will be met, it is used as a lower
limit water chilling unit 20 cooling rate setpoint. The cooling rate calculated from the
FBC is used as the active cooling rate setpoint for water chilling unit 20. This is
25 because the FBC better tracks electrical demand fluctuations and minimizes energy
costs In most cases. |
As seen in Fig. 7, at each time interval, the water chilling unit 20 cooling rate
setpoint from the LLC, step 300, and FBC, step 302, are compared. If the LLC
cooling rate exceeds the FBC cooling rate, step 304, the LLC cooling rate is
30 selected otherwise the FBC cooling rate is used. _
If the result at step 202 is that demand costs are at or below the TDC the
method proceeds to step 210. If the demand costs are below the TDC, in a
preferred embodiment of the invention, SPC is given priority, and therefore at step
210 if there is sufficient ice inventory to meet cooling load, ice storage tank 18 is



stated, forecasting is accurate to only about one day in advance. The

. forecaster provi des controller 40 with an estimate of the next
cooling period building load from which a fractional ice inventory
is determn e mninumof a fully charged ice WO 97/ 20178
PCT/ US96/ 193%69752&4} storage tank and a ratio of the ESH{RYE%o0ling
load to the total storage capacity. Wth reference now of
Fig. 4, controll edrscﬂ'@rgébra@ﬁnb%eﬂinﬁﬁhé@&eebﬂ caméwewC strategy is L3 hé’é&(ség in
accordance with a preferre hod il | ustrated. re erre

enpl oys heuristi & ‘8’%%3‘88?"“91'%%’"&"‘!?’8” ‘PRP’%'PQB’BIGI' failing YRt ?Q)IWQ'Eer%&tegl es

}: 0 execute 5f a §yeind oumomeggqpmemsg s?u:anstepaw fegwrrmlnglﬁfﬁdhbh&@ﬁ t

. a prefe embodi nen resen
nventi on. Fi g, Aidemept SoERsee H mtnf Clseg e BT RRR o Sherdle b PeBRSRY e
between one & t vosstaratongresssuffitieatly forafiset the penalty of makingicei s appl i cabl e i f
the consunption and S%t}ﬁg%é%ﬁtof Qﬁp%ﬁ%ﬁg@mgﬁl%%‘g &Meg rﬂ*)pred ?eee:ﬁrgsf c%s%ki ng

storage tank 18 | owers energ I ca
10 and consu rmharoﬂnelmmlnmeeeeela 4o gigp 28t Al stgp BHE eamlarrdebbtomnnadeeatt WO

strategies steg %fﬁdﬁ?aé to’ rd@ﬁrn%ﬂg if the demand costs are AbarstheProd O the g

controller 40 det erm nes | ce consunption uce

This determ nati cﬁ?"]@dﬁeiﬁéﬂﬁ@ﬁ@“@ﬂ' Qqa@emhqﬂmmésmstem%@némemmgoa&m t
20 aged t heduchibh @:raaég.emsmads sbﬁommra@@i!oﬁ?@rnwerﬁa& Refibdeemalilicn

t he ECR, hi gh, 15 | t h
asep055| b: Z d:.I?I rﬁ?s'tshgﬂﬂﬁ'ndema%d costs aﬁe‘?ﬁrlg"b@gfrg& ‘B?THZFBBISH%;S%E’ g'gﬁggtgﬁel °

during the | ower sgtep xa8f - peak period. If the ECRis low, only the
m ni num anmount of | CeDrl].I%relg ?ncliplemerﬁgt%% c:r;rqro ler 4&:&% Soti rh%%%al demand limiting
control capability because the load forecasting algorithm does not have any
16 deterministic data needed to estimate future loads. During a training period while
such data is gathered, the system will require manual operation or operation under
a simple strategy.
it will be appreciated that the present invention has been described in terms
of preferred embodiments, and its teaching are not limited to the preferred
20 embodiments described herein. The broad scope of the present invention will be
appreciate by those skilled in the art from the subjoined claims.



or mai ntain the demand cost below its target val ue should be consuned.
.Referring to Fig. 5, as the ECR, incr geN ow val ue to a higher

val ue, 20 a fraction of ice usedﬂ?%‘l grmned as a function of ECR
At, for exangl, ﬂﬂ ECR, val ue of m amuntefusb&BodoS
consurred Si nce S ]!tl ng the on- peaku‘i\m““\u@“ﬂ:s not | ower ener gy

costs. At a higher ECR value, energ mnimzed by —

consunming all of the ice which can be produced off-peak
S that the off-peak tinme period was tine | " d resultlmm'm!#"lgguﬂllm
fractional 25 anount of ice produced, a% Xi mately 0*65¢ For s | a
system characteristics, i ncl udi ng ther mal storage system
characteristics, byildi r ; r @t

envi ronnent al condrt [ on&sl%wgla& %stgé a?§x[ s&%éré\aiéagmg&cm“& dnﬁoé’/g{rafage
poi nt whi ch al | onsmedinmsoupled mgowdeamurew OPﬁ'é'lQr’fﬁla byitiding bavingra eeoling lead.

I .e., choosing coRESIE ESMSR o°r SPC priority. This |s |IIustrated I n
Fig. 5 as the di scontl nutlsty at&;gg‘ proxi mately ECR Hence at step

200, a site sp®cific EGRP{ICEFIECPpPled %5@!@ and fece""bﬂﬁﬁ ‘M‘iﬂ mtpefm?hsw
data, is eval uat edgafph Bed thdbufidhd, Thé c&éébltﬁhﬁét%mﬁ%pled to a miekiorl, @hd] ) -
Where the ECRlerr] s Iarg?er t han t he ECR#@RA fai Lt:hrol s&@qﬂg JCh
maxi ni zes ice consunpt i WHFFHI e PPMOY Fompyt eLglin Qs fgy di %‘W’Wﬁ. ch
m ni m zes ice CONSyMAé pfitessor tTddtislyae cddling eadifom the stubags mediam it msponse

8??25&%801‘ a cost parameter exceeding a threshold and to otherwise satlsf7y the cooling loa\QD

PCT/ US96/ 190660 by operating the chiller.

2. The controlier of claim 1 wherein the cost parameter comprises a ratio of an
on-peak energy rate to an off-peak energy rate.

3. The controller of claim 1 wherein when the cost parameter exceeds the
threshold, the controller satisfies the cooling load from the storage medium in

15 response to a second cost parameter exceeding a second threshold and otherwise
satisfies the cooling load by operating the chiller.

4, The controller of claim 3 wherein when the second cost parameter exceeds
the second threshold the controller determines an inventory of the storage medium
and satisfies the cooling load from the storage medium in response to the inventory

20 exceeding the cooling load and otherwise satisfies the cooling load from the
storage medium and by operating the chiller.

5. The controller of claim 4 wherein when a remaining cooling load exceeds the
inventory the controller operates the chiller at a minimum cooling rate consistent
with compiletely depleting the inventory.
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approxi mately 3 percent was observed as conpared to opti rral

,If . ECRlerr] is larger than ECRlerr] t E fagBgeReds to w&m‘mﬁ“\
an esti mated denand cost is conpar%E LAcept ar get de :
The estimated demand cost is obtained fr forecasting al gorithm '
and the initVQ741E8 i s 5 obt ai nedAﬁ‘m “ﬁmﬂ g a l o%fa"’Pg%l?‘W\g
control on the first day of the billi as descri bed bel ow.
The forecast used to estinmate denmand cost is not |like the previ ously
described forecasts in that the forecast length is nmuch smaller (1 - 15°
minutes) and suit &bl e Ehgeantrokersf glain k mbareint wienshe kostparametertis less fanitiorls .

Det erm ni ng the Th¥ediafithé fcﬁnﬁ%ﬁ?ﬁaﬁ& C0nﬁérﬁp@ntdﬂ%f'tﬁ%orﬁ%‘hé&ibm%ﬁ@?lisjrébs- 10

Eval uating a nunber of coo tions to determne o
trajectories the qoglinglepd F’Ql‘?éﬂe ptaragR anagium @rfPqu%%FﬂﬁhS r‘f“’ﬂ"&%?ﬁ‘?&‘?ﬁ“&g

programi ng) it Wagerh&HiAG cobbiMg Ioad and othdiRise ealnék ﬁ@%b&h Jﬁ‘?atiﬁgttﬁb t he
deman co

control which_mni m zed the sumof the ‘ener gy an sts
cl osely approﬁche& hifefe demand cost associated with an optimal daily
m ni nrum demand contr ol (OVDC) applied over a nonthly 15 optim zation

peri od. The range of p si bl e de s.are bound the . . demand
costs attributed Wﬁ"?rrﬂga E%ﬁt’%ﬁe& NBMeRI- ?‘Em / g GHIRIRg, nstructions
m ni mum ener gy codtrsauhg cphatdn ot thacontralier to Tdatermeramafi-papk energycmst parfod,

adm ssi bl e aﬁ@f@&arde%h%%ﬁo?aéegngﬂﬁﬁ idL?{nqj{ﬁ@ oﬂ gné‘rgfgt_agt@%ﬁ%]ve to the

OVDC and QOMVEC de 'S 1 stra ierefore a
25% range demand cost is |ocated at 20 the first quarti | e between the

demand costs attrgbut eg,d Qofi\ Ilgvaccl%fﬁ? %ln the controller furthér Oéetérﬁﬁ'\eﬁoéﬂ ing
of the

| oad conditions eval uated, e mean emand costs was | ocat ed
at approxi nafl@ly QW%YO?WP%@”QG#P%WN e range. The hi ghest
percent age (hi gh ECR and | ow demand cost ratio, ratio of on-peak to

of f - peak mand, char ges s. 2. 528% of adni.ssi bl ange a
owent per cent aged( | ovi S S0 RN A JHETRKFORE SESIVER S e A %
range. Thus on t hetofageatediay fafpreviding a soutse|dt icogjingeto iadshilding daving tar amlolirghoul d

attenpt to mnim Fogddl?t%ogpfc{q@n@fgéw&ét segrard to energy costs. The
shou

resul ti ng demand cost use asS ' the TDC for t he next
day and so on t hr oughodeternining whpthemeetingotite doblirigr load fieot thecsierage enedisink eep

the demand cqgts Fléi‘i'u&‘-!&&r?étag&‘aunb%&the TDC for the next day should be set
30 equal to the actual demand cost incurred for the day

If the result of step Pedingdhe P%ﬁ"“ll‘ﬁﬂr\@“%‘s?ge’@?ééﬁﬂ‘et%em" mestinea dhe

cooling load from the storage medium does not reduce the first operating cost; and
when meeting the cooling load from the storage medium reduces the first
operating cost, determining if a second operating cost exceeds a threshoid,
20 meeting the cooling load from the storage medium when the second
operating cost exceeds the threshold, and
meeting the cooling load by operating the chiller when the second operating
cost is below the threshold.

10.  The method of claim 9 wherein the step of meeting the cooling load through

25 operation of the chiller when meeting the cooling load from the storage medium
does not reduce the first operating cost further comprises determining if a second
operating cost exceeds a threshold and meeting the cooling load from the storage
medium and by operating the chiller when the second operating cost exceeds the
threshoid.
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limting is inplemented and the method proceeds to step 2
. energy costs can be reduced by using ice, and it mmnm&‘“‘l}mm f
switch to a SPCif the inventory THISSBEEngSBE Meds ‘an estrnate Yof st '
remai ni ng int bui | di ng cool i ng | dGR&EPLA

\X%g 5% g-g;l PCT/US96/19060

- 8-
PCT/ US96/ 19060 i ce invent q%\ M“‘“amul““t he amount of heat

required to melt the remaining ice i the tank. Most tank

manuf act ures provi de f LIV L T1h é04
if the ice inventolty i h:‘?lﬁ’l‘?a]h‘d' @'“ﬁ'gwﬁ@&‘{' tﬁ{en%e‘f%rggﬁfeﬁ{@g’%coolfng Ioaq%oz'tc‘i&tghe
nmet hod proceeds tOstafaga n&@&mcbdtmsqwneopéraﬁﬁgmhmxg@d@ﬂhemesbolélca@enaeank

18 is 5 [
Teet i ng the. remni PSR PRgToR of P lordud el atd idgiing ée*egé’"“‘?*ésfhg'@y 06
where heuristics athe stpagei m@ummnmdmmmawwmmmg °°°|'"9 logghandyBeeting

result of step 206thie%o%ﬂ1g#l§§d E’gﬁ’ thé Sto géggr,ﬁ%g,%,ﬁtggd &P Idph@[mérﬂgeﬁhhﬁf whén Heat

t he demand cos alned n bel ow, t he In the
present 10 i nventemsining ¢osling lopeexaggs HeriRveRtony. L C) strategy is enpl oyed

as it is effective at limting demand. The LLC uses mnlrrum
possibl-e chiller cooling rate so that the building | o
satisfied and the hti riepethetolslaip Wr%meég@oofwepﬂ%g@ g I?)ﬁ%from

O'thﬁpl ed peri od. Sthalrétc%lﬁ rAédidin Wb@%tmgme/@immﬁgn thecoolio§ lcadprageds theonal
Wi .
I nt eQ:rneentérs %grtanlseeg %pgrc }l( ating t?l Fniﬁ)elr a( aF %clalm rln%gf)fir%gr}me consistent with

10 completely depleting the inventory.

13. The method of claim 12 wherein the step of operating the chiller at a

minimum cooling rate consistent with completely depleting the inventory comprises

establishing a minimum cooling rate and a highest possible cooling rate which

maintains the second cost below the threshold, and operating the chiller at the
15 maximum of the minimum cooling rate and the highest possible cooling rate.

14.  The method 6f claim 9 wherein the step of determining whether meeting the
cooling load from the storage medium reduces a first operating cost comprises
determining a switchover threshold based upon a ratio of on-peak energy costs to

off-peak energy costs.

20 15.  The method of claim 14 wherein the step of determining whether meeting the
cooling load from the storage medium reduces a first operating cost further
comprising comparing the switchover threshold to a site specific ratio of on-peak

energy costs to off-peak energy costs

16. The method of claim 9 wherein in the step of determining if a second
25 operating cost exceeds a threshold, the threshold is based upon at least one

optimal condition.

e —————
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15  » The feedback control strategy responds to fluct [ i
.hon-cool ing rel ated el ectricalRWREEPHRSIBEEN | - € . Hmmﬂﬂ'ugm ﬁm
rel at ed power consunption, and nei geraggpwat er chil |ihg wnit s *

cooling rate_at the highest possible val ue t Wt h

nai nt ai ni ng YR8 I ﬂaﬁumﬂﬁﬁﬂtﬂmnvent i BRF/U$Y4d9%6% C and
FBC are integrated to exploit the 20 of both. The LLC uses an
estimate of future loads to provide a | owest possi bl e chiller
cooling rate consistent with depleting the inventory and satisfyin i
the building | oad17-Si nte method i rakaim; § aheteirein g Fteg Pf delermiping 'e/? %%§°'li’sed
as a | ower opérafiiigh codtbdecdd) i threSibid! thé thiddh6IIGS bREIISABE 16 RiifMAIzE the The
cooling rate cal cu?ate fromthe FBC is used as the active cooling
rate setpoint forSEEANEOPEIYNG PO}y unit 20. This is 25 because the FBC
better tracks electrical demand fluctuations and m nim zes energy

costs In nost cases. ' . seen in Fiqg. 7 t.each .ti
interval, the wat ié chiM9 Wﬁﬁ"’ﬁrﬂf F%%(S:%%?r?'ﬂéhf 3{;8%7 mdetil‘"ilg géet é%ol"ﬂ? rqu%rd o?* t he
LLC, step 3005 andpérRing tecchilkdavhenr the csecpod e@geratifg chst isLidlow the threshold ng
rate exceeds the EBC cool i . S 4 e cQals ng te k. 0
sel ected ot herw sgoTﬂréS%I%B cro"E)'ﬁlLﬁganr lji'}%gnt?& stg% s{ol'age Hgb'bm and 'ﬁe‘t'ﬁ%}
result at step 20fmaninggeoliigriaadi froomsthe sieragetmesiuny #| they investoniDexqelrds the

method proceeds 1 sl 8dling idadt dHer SIRETARA Fiskthg 1 ool Rkt opbRting b 2

preferred enbodi nent o nvention, SPCi1s given priority, and therefore
at step 216hillgr. t here is sufficient ice inventory to neet cooling
| oad, ice storage tank 18 is WO 97/ 20178

PCT/ US96/ 1906138 19.  The method of claim 9 further comprising the steps of determining an off-

peak energy cost period and recharging the storage medium during the off-peak

energy cost period.

20. The method of claim 19 wherein the step of determining an off-peak energy
cost pericd further com'prise determining a building occupancy status.
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di scharged at the maxi mumrate, step 214. Otherwise a CPC strat egy i s used,

. step 212, to neet cooling lead primarily from operating water
chilling unit 20. Wil e not a specific outcone, inmplenenting SPC at
step 214 ten LNi mze both energy and demand g@RstiSosdbdage 1 N
many cases tﬂ@%&?ﬂ’er does not operate and the energy 5 costs are
| onered sufficiently to offset the penalty of making ice. | f

the result of step 200 is that nelting 18e does not. reduce energy costs,.
then the nethoq-_proceeds to.step. 2l6.. At-.st-ep--216-a simlar decision as

made at step 202 i e to determne if the d1 mand costs are near
the TDC. It the ceed the TDd__t)¥e nethod proceeds to
step 220 and de nmand8cost 10 n strategies, such as set forth for
step 206 are inplenenik\to reduce/demand costs. If the demand costs
are bel ow the ¥DC then,& CPC strfategy|is inplementied at step 218.
During inplenentation, cO er 40 wll not have§ initial demand limting
control capabi lii CQOLNG 3QWER tlhe | oad fdrecasting aligorithrfi does not Ij e any
15 det ermi nijsti ¢_dat a, negded to gstji mate future} | oads.| During a i ni ng
period while sucha2$ata is g gred, the sysfem manual
operation or operatio sinple strategy4 I t
wi |l be apprecijated thafl the pre ; n terms
of preferred enbodiggaty; E.uz' ar-dber r ed
20 enbodi nert s g i nerein :
i nvention will ibe  wiyrp SHPHRST BRINE tppuphoge PRIHRA in the art goigm the
subj oi ned cl ai 8. y UNIT = 18_ : %2 BUILDING
20
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Fig—1
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-10- CLAI M5 1.
A cantroller for controlling a thernmal storage system such that energy
costs are mnimzed subject to demand costs, thereby reducing utili ty costs

for a biyblohpgseri od conpri sing: a first,data.sEpcture
for storing a utility rate structure having an on-peak 5 energy ra e and
an of f-peak energy rate that are desi gnedzl o di scourage high ener gy
consunpt i on durg-reg—hgh—erergy—aerand- er;“d
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a second data structure for storing a target demand cost that is
determ ned by mnim zing the demand costs i ndependent of the energy costs

for a sub-period of the billing period; 10 a nmenory having
conparative v&g grat utilize a ratio of said on-peak PCT/80§19sL rate to
said of f-pea &her gy rate and said target denmand cost; and a

processor connected to said nenory tha#l uses said corrparati ve rul es

in order to select a control strategy 8r the thernal storage system

wher eby t he energyggQast [ e glemand costs
and the utility 15 costs.for the bllllng perlod are red ced 2.
The controller of C ag@n 0.74wherei n said conparative rules %0 utilize an
estimated demand cost& hat {i s obtained through short termiforecasting.

3. The controller oE Ad.8fm 2, wher T T TN AT at i ve @S provi de for
selection of a chill eg péur;crl ty cont strategy if said s& mat ed demand
is less 20 than sai @t et demandfcpst and said thernal “Storage system
is unable to meef 4iaC| lity Ipgd requ-~epmnt pAy 044 The
controller of Caim?2% V\henel n said [cgnpar at-veyoptRes payoti de for

sel ection of a storags& pf.B4rity contirpl strat-eaprswy 564 d 3 mated denand

is less t han sagj t aget dema cost and said ther st orage system
is able to neet 25 gf@tgijlity | oagl/r equi renment . 0.2
£ 014 0.1

05 1.0 1.5 20 25 30 35
ENERGY COST RATIO,(ECR)

Fig—5
OMDC - OMEC
| | | | |
| a I 1 !
0% 25% 100%
Fig—6
FJOO
CALCULATE @,
— h.k
FOR "LLC” STRATEGY | e 304
SELECT HIGHEST VALUE
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| CHILLER RATE SETPONT
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ﬁgﬂ” Hms provide for 5 -selection of a |oad
limting con said estimted demand exceeds sai d
target demand cost and said thernal stemﬂ@ssystem Is able to neet a .
facility | oad requirenent. : controller of Claim2, wherein

sai d conparative rul.es provides faor sel ection of a storage priority.
control st ra{ egy Brconiraliet for erntealiing atharmal storgge: systesnsch atggbene@yand
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energy consumption during high energy demand penods

a second data structure for storing a target demand cost that is
determined by minimizing the demand costs mdependent of the energy costs
for a sub-perlod of the blllmg period; . '

10 a memory havmg comparatwe rules that utilize a ratio of sald on-peak
energy rate to said off-peak energy rate and said target demand cost; and
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a processor connected to said memory that uses said comparative rules -
in order to select a control strategy for the thermal storage sYstem, whereby
the energy costs are minimized subject to the demand costs and the: utility

15 cosi_s for the billing period are reduced. |

2. The controller of Claim 1, wherein said comparative rules also utilize an
estimated demand cost that is obtained throeugh short term forecastipg.

3. The controller of Claim 2, wherein said coniparative rules provide for

- / ' selection of a chiller priority control strategy if séid estimated demand is less.

20 than said target demand cost and said thermal storage system is unable to
meet a facility load requirement.

4. The controller of Claim 2, wherein said compara'ti\)e rules provide for
selectionof a storage priority control .strategy of said estimated demand is less

than said target demand cos_t' and said thermal storage system is able to meet
25  afacility load requirement.
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such that energy c “are mininized subject t

.reducing. utility costs for a . billing period, conprising the steps of:
‘receiving a utility rate structure having an on-peak energy rate and an 5
of f-peak energy rate that are designed to di scourage high energy

Gotorm ni ng®a t ae: ol bl SRR, WG sAEf bAtParstive ryeg provide for

selection of a demand limiting control strategy if said estimated -.demand
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exceeds said target demand cost.

- 6. The controller of Claim 2, wherein said comparative rules provide for

5 selection of a load 'Iimiting control strategy if said estimated demand exceeds

said target demand cost and said therméi storage system is able to meet a
facility load requirement. | -

7. The controller of Claim 2, wherein said comparative rules provides for
selection of a storage priority control strategy of said estimated demand
jO exceeds said target demand cost and said thermal storage system is unable

to meet a facility load requirement.

8. The controller of Claim 1, wherein said comparatlve rules provide for
charging said thermal energy storage system at a maximum rate if said utility
rate structure is not dlscouraglng high energy consumption and the building is

15 unoccupied.

9..  The controliler of Claim 1, wherein said sdb-period is the ﬁrst twenty-four
(24) hours of the billing period. ' : '
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step of generating an estimted. denand cost i s obtained through short

t er m f or ecasbilling period, compdsing the stepsefi of C aim 11, wherein said
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provi de for selection of chiller priority control strategy if said
esti mat ed dedldfingihigh epergy demangfieriogisy t ar get demand cost and said

thermal storage sygiemihing"8aBldet! demand cdBi By Tnihificig thd WIndif! dosirent -

independent of the energy costs for a sub-period of the billing penod
selecting a control strategy for the thermal storage system based at |
10 least in part on comparative rules that utilize a ratio of said on-peak energy
rate to said off-peak energy r_até and said target demand cost, Whereby the
_ enérgy costs are minimized subjecit to the demand costs and the utility costs
! for the billing period are reduced.

11.  The method of Claim 10, further comprising the stép of generating an
15  estimated demand cost. |

12.  The method of Claim 11, wherein said step of generating an estimated
“demand cost is obtained through short term forecasting. |

13. The method of Claim 11, wherein said comparative rules provide for.
selection of a demand limiting. control strategy if said estimated demand cost
20  exceeds said target demand cost.

14. The method of Claim 11, wherein said comparaitive rules providé for
~ selection of chiller priority cbntrol strategy if said estimated demand is less

than said target demand cost and said thermal storage system is unable to
meet a facility load requirement.
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6. ~The method of Claim 11, wherein said compara¥ive rules provide for
selection of a load limiting control strategy of said éétirhated demand exceeds
said target demand cost and said thermal storage system is able to meet a
facility load requirement.” ;

17. The method of Claim 11, wherein said comparative" rules provide for
selection of a storage priority control strategy if said estimated demand
exceeds said target demand cost and said thermal storage system in unable
to meet a facility load requirement. | | '

18. The method. of Claim 11, wherein said cbmparative_ rules provide for

- charging said thermal énergy storage system at a maximum rate if said utilify

rate structure is not discourage high energy consumption and the building is
unoccupied. |

19.  The controller of Claim 10, wherein said sub-period is the' first twenty-
four (24) hours of the billing period. '
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15 #ate structure is not discourage high energy consunption and the

sbuilding is unoccupi ed. 19. The controller of daiml0,
wherein said sub-period is the first twenty- four (24) hours of the
billing period. o
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(57) Abstract
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