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Cost optimization for a large-scale hybrid central cooling
plant with multiple energy sources under a complex

electricity cost structure

YIN GUO! and JEONGHAN KO?2*

! Facilities Management & Planning, University of Nebraska-Lincoln, Lincoln, NE, USA
2Industrial Engineering, Ajou University, San 5, Woncheon-Dong, Yeongtong-Gu, Suwon, Gyeonggi-do, 443-749, Republic of Korea

Cooling energy costs can account for a significant portion of the total energy costs during summer for a large organization. A
hybrid energy system or thermal energy storage can be used to reduce the energy cost. However, without proper operation plans, the
advantage of using such systems could be limited. This article presents an energy cost optimization model for a hybrid cooling system
under a complex energy cost structure. The model can handle a realistic non-linear complex cost structure incorporating the costs from
electricity use, electrical demand, electricity demand ratchet, and fuel consumption. This article also examines the trade-off between
chiller operations using different energy sources. The optimization model is constructed as a mixed-integer non-linear program. To
reduce computational intensity, a dual-stage solution method is developed by treating a decision variable of the electricity demand
limit temporarily as a constraint parameter. This reduced computation allows for the possibility of using the optimization model for
real-time implementation. A case study of the central cooling system of an academic institution during a summer month showed that
the developed method and model could be used for optimized operation to save energy costs significantly.

Introduction

The energy cost for building cooling can account for a signif-
icant portion of the total energy cost of a large organization
or building complex. A significant part of the consumed elec-
tricity during summer is often used to produce chilled water
to meet the high cooling load. The chilled water production
could contribute up to one-third of the total electricity cost in
summer months.

In fact, a significant portion of the cooling energy cost
does not directly come from the electrical energy charge but
electrical demand charge. For example, the electrical power
used for cooling may occupy more than one-third of the peak
electricity demand that sets the demand charge. Moreover,
the peak electricity demand during summer sets the electrical
demand ratchet for winter, resulting in unnecessary demand
charges in winter. In such situations, it is desirable to reduce
the peak electricity demand during summer.

The reduction of the peak electricity demand and overall
energy cost, however, is a challenging problem. For a non-
hybrid cooling system powered by electricity, reducing peak
electricity demand usually results in increasing electricity en-
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ergy use. At the same time, without proper methodology, it
may identify ineffective demand reduction, which eventually
results in a wrong solution (Sun et al. 2010). For a hybrid
cooling system, to reduce the peak electricity demand, part
of the cooling load is often shifted from electric chillers to
steam turbine chillers using fuel (or a thermal energy stor-
age system). Integrated operating of these two different chiller
systems is more challenging than that of only electric chillers.
First, although a steam turbine chiller enables load shifting to
reduce the peak electricity demand, electric chillers are usually
operated more than necessary because of the relatively high
efficiency in generating chilled water. Thus, the advantage of
using steam turbine chillers is often not fully exploited. Sec-
ond, when a complex non-linear electricity cost structure (e.g.,
electricity demand charge and electricity demand ratchet pol-
icy) is applied, evaluating the trade-off between fuel and elec-
tricity costs can be difficult without complicated computation.
The trade-off evaluation is beyond intuitive human judgment.
Third, the uncertainty of the cooling demand makes optimal
operation even more difficult.

This article presents a cost-optimized model of a hybrid
cooling system under a complex non-linear electricity cost
structure. The model is constructed as a mixed-integer non-
linear program (MINLP) by integrating the models of hy-
brid cooling system efficiency and multiple energy sources. To
reduce the lengthy computation required by the MINLP, a
dual-stage solution method is used through an efficient par-
tial enumeration. Although this research focuses on a hybrid
cooling system, the methods presented can also be extended to
a wide range of cooling systems with multiple energy sources
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or a single-source system with thermal energy storage. In ad-
dition, the complex non-linear cost model could help develop
and implement global control and smart grid technologies to
manage the electricity energy cost.

This article is structured as follows. The next section re-
views the literature. The mathematical model of this research
is presented in the following section, and a case study follows.
The mathematical symbols used in the article are presented in
the Nomenclature section.

Literature review

The optimal control of a cooling system can be classified into
two categories: local control and global control (Wang and
Ma 2008). Local control focuses on the optimal control of
individual chillers through coefficient of performance (COP)
analysis (Chan and Yu 2002; Chang et al. 2005). On the other
hand, global control mainly focuses on the entire cooling sys-
tem. Previous studies (Wang and Ma 2008) indicated that local
control might not be cost effective compared to global con-
trol, and thus an analysis of the entire cooling system was
necessary and important. A variety of models (Chow et al.
2002; Zhang and Cai 2002; Yao et al. 2004; Lu et al. 2005a,
2005b; Fong et al. 2006, 2009; Wang 2007) have been studied
in global control. In addition, when a complex cost structure
or multiple energy sources are used, a direct cost optimization
model is necessary because a cooling system model based on
chiller performance coefficients cannot guarantee the mini-
mum energy cost over the entire planning horizon (Xu et al.
2005).

One common method, known as thermal storage, is exten-
sively reported in the literature (Wang and Ma 2008) for the
reduction of the total operation cost when a time-of-use dif-
ferentiated electricity cost rate exists. Significant savings can
be achieved via the proper implementation and control of the
thermal storage. Extensive research on active thermal storage
methods (Braun 1990; Henze et al. 1997, 2005; Massie 2002;
Nagai 2002; Zhou et al. 2005; Ma et al. 2009) has been con-
ducted under a variety of conditions. Several models on pas-
sive thermal storage methods (Guo et al. 2005; Henze 2005;
Sun et al. 2010) have also been studied and compared with
the active thermal storage method. The challenge in achiev-
ing the lowest electricity cost and trade-off between electricity
demand and energy cost were also discussed by Sun et al.
(2010).

Although there are many studies related to the aforemen-
tioned methods, there are limited studies on implementing a
hybrid cooling system. Musgrove and Maher (1988) devel-
oped a linear programming optimal control model to mini-
mize the energy cost of a cooling system comprised of electric,
steam-driven, and absorption chillers but without the electric-
ity demand cost. Another study (Gibson 1997) introduced a
supervisory control model for a hybrid cooling system com-
prising an electric chiller and gas-fired, engine-driven chiller.
In Gibson (1997), a neural network model was developed to
examine the performance of the cooling system, and a genetic
algorithm was used for optimal scheduling. Ellis et al. (2000)
developed an optimization model that considered the life-cycle
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cost of a hybrid cooling plant. The costs of installation, energy,
demand, and maintenance were considered in their model, but
auxiliary equipment, such as pumps and cooling towers, was
not. Another study (Braun 2007b) introduced near-optimal
control strategies based on a chiller sequencing model for a
hybrid cooling plant. Both time-of-use differentiated energy
cost and demand cost were considered in the work. The pro-
posed chiller sequencing strategy considered the performance
coefficient of four different types of chillers. One study (Braun
2007b) also compared the results of the sequencing strategies
with and without part-load control under different electricity
demand limits.

Mathematical model

This section presents the assumptions, cooling plant model,
energy cost model, and cost-optimized operation-planning
model used in this study. Because of a large number of math-
ematical symbols are used throughout the article, each term
may not be explained individually in this section. For the com-
plete nomenclature, refer to the Nomenclature section.

Assumptions

The following assumptions were made in the study.

o There exist N electric chillers, M steam turbine chillers, and
one boiler in the system.

e The energy efficiency of all the equipment (chillers, boiler,
pumps, and cooling towers) does not change over time. In
addition, the efficiencies are not affected by other factors
such as weather and season.

e The steam generated by the boiler will be used only by the
steam turbine chillers to produce chilled water.

e Start-up costs of the electric chillers are insignificant and
can be ignored.

e The chillers are turned on or off at the beginning of a time
period.

Cooling plant energy consumption

The principal equipment and facilities in a central cooling
plant usually include chillers, chilled water pumps, cooling
towers, and tower water pumps. The total electricity consumed
should account for the electricity used by these four types of
equipment. Thus, the total electrical energy consumed by the
cooling system through the entire time horizon 7' is

T T N
ET()ta/ — ZEI — Z( Eflc + E[TWP + EICWP+ EICT)’
t=1

=1 \i=1

€]
where E; is the electrical energy used by the entire cooling
system during the time period ¢. E; consists of four parts,
namely E, ;/£€ (the electrical energy used by the electric chiller i
during time period ¢) and E, """, E,"? and E,“T (the electrical



Downloaded by [University of Nebraska, Lincoln] at 07:18 26 August 2013

756

energies used during time period ¢ by the tower water pumps,
chilled water pumps, and cooling towers, respectively).

General cooling plant models and operation methods were
suggested by many researchers (Braun 1990, 2007a). The
electricity/fuel consumed during a short time period by the
electric/steam turbine chiller can be expressed as a quadratic
regression function of its part-load ratio (PLR; Braun 1990).
A simplified model without consideration of ambient condi-
tions is as follows:

Ef€ = EF“P (ap; + a1 ,PLR; + az, PLR;),  (2)
FT¢ = FiTC’D (bo.i + b1iPLR; + bz,iPLR,g) ) 3)

1
where PLR; = Q;/0QP, and ay;, ai;, and az; (bo;, by, and
by ;) are the coefficients for the power (fuel)-PLR regression
function of the ith chiller.

Such assumptions (constant efficiency over time and am-
bient conditions) are made to simplify non-significant factors
in the problem in order to focus on the main topic of this
research (complex cost structure and trade-offs). Other black
box models, such as COP-PLR or expert-knowledge-based
models, can be alternatives to the above models. However, a
case study can show that the effect of these chiller efficiency
variations would not be numerically significant compared to
other factors.

If time period ¢ is an hour, which is the usual measurement
period of electricity meters, E; can be considered as the elec-
trical demand. Consequently, the maximum peak electricity
demand, PM?*, is the maximum value of E, throughout the
entire time horizon T

PM& — max (E). 4)

1<t<T

Similarly, the total fuel used by the steam turbine chiller
during the entire time horizon 7' is

T M
FTatul ZZ FT:C_i_E.S;)’ (5)

=1 i=1

where F’; S . represents the fuel used for starting steam turbine
chiller i m time period ¢ and is a function of binary decision
variables representing the on—off status of a chiller, #,_; ; and
utyl‘.

Cost functions under a complex electricity structure

In this article, a complex non-linear cost structure is consid-
ered. The cost function for a billing period (usually a month)
for a hybrid cooling plant consists of five terms: electrical en-
ergy cost, electricity demand cost, electrical facility cost, fuel
cost, and demand ratchet punitive cost. Thus, the total oper-
ation cost for the current month X is given by

CR = CFF + CRM + C§° + Cx + CRR. (6)

The first four terms on the right-hand side of the equation
are the costs that appear in the bill of each month and are
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defined as the current-month billing cost. The last term is the
demand ratchet punitive cost. It is included in the current-
month billing cost in winter months but is calculated based on
the operation of the cooling system during summer months.

The details of the complex cost structure is further ex-
plained as follows. First, the electricity is delivered through
two different voltages: 12 kV for the primary service line and
4 kV for the secondary. However, without loss of generality,
this study assumes a secondary service line powers the cooling
plant. The electrical energy terms for the cooling plant (the
amount consumed and their peak values) are calculated with
the following equations.

E[S{‘Cl — E£otal (7)
Ex = B3 + EX©, ®)
PSCI — PMax (9)
P = P+ PRE. (10)

Second, the electricity is provided by two electricity sources
with different cost rates: local and national suppliers. The elec-
tricity supplied from the local suppliers is charged at different
rates depending on the electricity use. On the other hand, the
electricity supply and cost rate of the national supplier are
fixed by a long-term contract. The amount of primary and
secondary services from the local supplier is calculated on the
basis of the ratio of the recorded total of the two services.
Thus, the electrical energy and demand costs are calculated by
the following equations:

EPR
CIE(G — CEG WEK + 20 PR,L K (EI};R+EiC_EIV{V)

ERR+ EXC
EG,SC,L EIS;C (EPR ESC EW) (11)
+ck EPR 4 ESC + Ly —Eg),
com DM.W pW __ .DM.PR.L PR pPR__pSC_ pW
=g Kk T ¢k W(K+K_K)
pmusce b & pPR . pSC _ p 12
+ck P£R+PI§C(K+K_KVV)~ (12)

In Equation 11, for example, the first term on the right-
hand side is the energy cost charged by the national supplier
under the contract. The second and third terms are the energy
cost for the primary and secondary services charged by the
local supplier. The fractions in the second and third terms
are the ratio of the energy from the primary and secondary
services to the total energy, respectively. The terms inside the
parenthesis are the difference between the total energy and the
energy supplied by the national supplier, which are equal to
the energy from the local supplier.

During winter months, the demand ratchet policy is applied
in addition to the previously discussed basic policy. The main
idea of the demand ratchet is that the monthly billing demand
from the local supplier for a winter month is the higher one
between (1) the maximum demand during this winter month
and (2) ratio « of the highest maximum demand established
from the bills of previous summer months. For example, if the
current month is a summer month, the value of the demand
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ratchet will be the higher of either (1) the demand ratchet of
the previous month or (2) the new demand ratchet set by the
peak electricity demand established in the current month. If
the current month is a winter month, the demand ratchet of
the current month would be equal to the demand ratchet of the
last month and, thus, be equal to the highest demand ratchet
set in previous summer months:

R _{max{a(PPR+PSC—PkW),Rk1} Br=1
k= 0
-1 Br=0

(13)

In the model above, the first month of the summer period
is defined as the first month of the operation year, and the
operation year ends in the last month of the winter period.
At the end of each operation year, the demand ratchet will be
reset to zero.

Thus, the electricity demand cost in winter months is cal-
culated with

DM, w
‘K PII{/V PR
P
DM ,PR,L K PR SC w
+eg T o —se (PR + PO — PY)
PER 4+ PEC
4 PMSCL P;gc (P;;R + P,?C _ P,?/)
K
PPR 4+ PRC

oM — PR+ P — P > Re  (14)

DM.W pmrrr  PEY

DM.W pw PR,

cx - Px +ck PR sc R
Pt 4 PR

SC
+CDM,SC,L PK RK
K
P[};R—{- PEC

PPR 4 pSC_ plV < Ry.

In some cases, the facility cost exists in addition to the
demand cost. The facility cost can be regarded as a special
case of the demand costs because it is also charged on the
basis of the electrical power. Here, it is assumed that the local
supplier charges all the facility costs to make it different from
the demand cost. Because the chiller system is powered by the
secondary service line in this study, only the facility cost of the
secondary service for the current month K is considered, and
it is calculated with Equations 13 and 14. The ratchet policy
is also applicable to the facility cost:

FC pSC Ne
cx Py P~ >rg

FC _

Cx = g PSC <y (15)
max { « P5C 1y} B =1

Fe o= { ! . (16)
Fr—1 Br=0

According to the ratchet policy, when the actual peak elec-
tricity demand in a winter month is lower than the demand
ratchet, the customer would pay more than the cost calcu-
lated purely based on the actual peak electrical demand of
that winter month. The same condition applies in calculating
the facility cost. This part of the cost is defined as the winter

757

month’s ratchet cost. The sum of the winter month ratchet
costs for all winter months is defined as the demand ratchet
punitive cost.

Although the winter month ratchet cost is included in the
billing cost of subsequent winter months, it is rational to con-
sider this cost in summer months as a punitive cost, because
it is mainly caused by the peak electricity demand due to the
operation of the cooling plant during the summer months.
Therefore, if the current month K is a winter month, it is con-
sidered that there will be no ratchet punitive cost. However, if
the current month K is a summer month, the ratchet punitive
cost will be the higher one between (1) the ratchet punitive
cost in previous summer months and (2) the ratchet punitive
cost calculated based on the new peak electricity demand set
in the current month K. Thus, the ratchet punitive cost of the
current month K is calculated as

12
chzﬁKmax{cgfl,Zc,?R}. (17)
k=K

The winter month ratchet cost of a future month & con-
sists of two terms: the demand ratchet cost and the facility
ratchet cost. The two costs are calculated using the basic pol-
icy, which is based on the difference between the ratchet value
and the actual value. Although the actual peak electricity de-
mand in the winter month k that follows the summer months
is unknown, the value recorded in the previous year, py, can
used to estimate the future value because of its relatively stable
values:

Cf = QM (ARPY) + G (ART), (18)
APPYM = max {0, o (PER + PC — PY)

— (P + i = )} (19)
DM DM DM ,PR,L DM PifR
CPM(APPM) = M PREA PPM Tk
(ABT) = PR+ pi€
DM,SC,L x pDM PkSC
+ PMSCLA pOM Tk 20)
k “opPR+ ppc (
APFC = max {0, a PE — pi}, 1
G (APFC) = ¢f“aPRC. (22)

Cost-optimized operation-planning model and solution method

The planning horizon in this article is total T periods. The
non-negative discrete integer decision variable x,; is defined
as the PLR of chiller i and the binary decision variable u,; as
the on—off status of chiller i. These two variables describe the
operational state of chiller i in time period . A chiller status
is OFF at time ¢ if u;,; = 0 and x,; = 0, and it is ON if u,; =
1 and x;; > 0 and is within the feasible operation range. The
cost-optimized operation-planning model is formulated as an
MINLP as follows:

i oTotal _ s ~EG DM FC F DR
mlnz_rru{l)CnCK =min Cy’ + Cx™" + Cp + Cg + Cy

u,x (23)
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subject to
N M
DO +Y 05 =d v, (24)
i=1 j=1

where d; is the required cooling load in time period ¢, and Q; ;
is the cooling load produced by chiller 7 in . To calculate the
minimum total cost in the objective function (Equation 23),
Equations 1 to 22 are used. The constraint by Equation 24
requires that the cooling capacity provided should be equal
to or greater than the cooling demand for each hour of the
planning horizon.

The non-linear characteristics of the problems reside in the
following aspects: (1) the efficiency of chillers with respect to
the decision variable of PLR x; (Equations 1 to 5), (2) the
electricity cost objective function with respect to the decision
variable of PLR x; (Equations 7 to 22), and (3) the cost trade-
off between electricity cost and fuel cost.

To overcome the computational complexity of the MINLP,
a dual-stage solution method is applied by introducing a de-
cision variable yg, the peak electricity demand limit of the
secondary service in month K.

Stage I: In the first stage, the cooling load ¢, and the peak
electricity demand limit yg is set or given first, and the
optimal solution for each time period under the given yx
and d, is recast to an MINLP problem with less complexity.
First, the cooling load is checked as to whether it is first
provided by the electric chillers under the constraint of yg.
If the electric chiller could not meet the cooling demand
under the given yk, the shortfall is provided by the steam
turbine chiller. Thus, the optimal solution at any period
can be considered a function of the cooling load and peak
electricity demand limit. The optimal solution at the first
stage can be pre-processed and stored in a database for
convenience.

Stage 2: The second stage is then simplified as a non-linear
program with only one decision variable, the peak electricity
demand limit yg.

By considering the dual-stage solution method, the cost-
optimized operation-planning model can be rewritten as

min z = min, , , C¥"
. EG DM
=min, y, Cg’ + Cg

+ CRC + CF + PR 25)
subject to
N M
Y 0E+>Y " 0I¢ =, v, (26)
i=1 j=1
P <y Vi, 7)
rgk—1 = JK» (28)
a (PP 4+ yx — PY) = Re_y. (29)

The objective function (Equation 25) is calculated by Equa-
tions 1 to 22 as already explained. The constraint Equation
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26 requires that the cooling capacity provided should be equal
to or greater than the cooling demand for each hour of the
planning horizon. Equation 27 ensures that the electricity de-
mand of each hour of the planning horizon is smaller than the
electricity demand limit. Equations 28 and 29 give the feasible
range of choosing the electricity demand limit y.

The advantages of this solution method are as follows: (1) it
greatly reduces the required calculation time and memory size
for real-time implementation, and (2) the database of the solu-
tion can be stored and updated according to the plant change
(e.g., unavailability of chillers due to breakdown or mainte-
nance, installation of new chillers, or removal of old chillers).

In addition, although the PLR of chillers (x;) can be de-
fined as continuous variables, it is defined as a discrete one
because of several reasons. First, for an easier management in
practice, discrete levels are often chosen by operators. Second,
with enough levels of the PLR, the difference between contin-
uous and discrete variable is diminished, and the optimization
result is often guaranteed with good accuracy. Third, using a
discrete PLR (x;) is convenient to pre-process and store the
solution result in a database as in the dual-stage solution for
the purpose of real-time automatic dispatching.

Case studies

This section presents a simulated cost-optimized operation of
the cooling plant at a university during a summer month using
the actual cooling load recorded. The results are compared
with the actual manual operation of the plant at the time.

Description of case study conditions

The central cooling plant of the university is well designed
to support the development and implementation of cost opti-
mization technologies and has established an enhanced con-
trol system and sufficient database. The university cooling
plant currently uses four electric chillers. Electric chiller 1 has
a maximum capacity of 5000 ton/h, electric chiller 2 has a
maximum capacity of 4500 ton/h, and electric chillers 3 and
4 each have a maximum capacity of 2000 ton/h. By their ca-
pacities, electric chillers 1 and 2 are regarded as large chillers,
whereas electric chillers 3 and 4 are small chillers. The de-
signed electrical energy consumption rates of the four chillers
are 4310, 3030, 1324, and 1324 kW, respectively. The four elec-
tric chillers are usually used to meet the entire cooling load
when cooling load shifting to the steam turbine chillers is not
necessary, and they continue to bear most of the cooling load
even when shifting is necessary. The cooling plant also includes
one steam turbine chiller, one boiler, three arrays of cooling
towers, six tower water pumps, five chilled water pumps, and a
distribution loop that serves all the buildings on the campus.
The steam turbine chiller has a maximum capacity of 5000
ton/h. It is driven by 600 psi of steam generated by the boiler.
The pumps and cooling towers are all powered by electricity.
The energy cost function and policy described in the pre-
vious section were applied to this case study. The electricity
rates of the local supplier are listed in Table 1. The rates and
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Table 1. Electricity rates of local supplier. Table 3. Fuel cost rate.
Winter energy, Summer energy, Demand, Facilities, Cost rate, Cost rate, Cost rate,

Rates $/kWh $/kWh $/kW $/kW Month $/MMBtu Month $/MMBtu Month $/MMBtu

Primary 0.0205 0.0282 12.70 4.00 Jan 7.48 May 6.17 Sep 6.68

Secondary 0.0200 0.0272 13.05 4.40 Feb 7.61 Jun 6.59 Oct 6.39
Mar 7.06 Jul 6.16 Nov 6.03
Apr 6.70 Aug 6.08 Dec 6.42

allocations of electricity demand and electrical energy from
the national supplier are shown in Table 2. The fuel rates are
provided in Table 3.

Current manual operation

The university cooling system has been manually operated
based on the experience of the human operators. The strat-
egy involves the operator adjusting the PLR of the operating
chillers or turning them on or off depending on the observed
temperatures of the inflowing and outflowing (chilled) water.
Early every morning, based on the weather forecast (mainly
the temperature), the operator decides how the steam turbine
chiller will be used for handling the cooling load shifting from
the electric chillers. If load shifting is expected, the operator
would warm up the steam turbine chiller early that day. The
operator uses experience to determine when the steam turbine
chiller should be turned on and how much cooling load should
be shifted to it.

The profile of the manual operation in August of a year is
shown in Figure 1.

Under the present manual operation strategy, electric
chillers 1 and 2 are often used to provide most of the cooling
needs during summer. The cooling load is generally assigned
in proportion to their designed capacities. Electric chiller 3 is
used to cope with load fluctuation, even if electric chillers 1
and 2 are not at their full PLR. Electric chiller 4 is only op-
erated when there is a breakdown or during maintenance of
any of the other electric chillers. The steam turbine chiller is
operated when the total campus cooling load is greater than
9000 ton/h.

Table 2. Rates and allocations of electricity demand and electrical
energy from a national supplier.

Electrical Electrical Demand rate, Energy rate,
Month demand, kW energy, kWh $/kW $/kWh
Jan 14,220 7,866,000 7.65 0.01905
Feb 14,220 7,539,000 7.65 0.01905
Mar 14,220 7,747,000 7.65 0.01905
Apr 14,220 7,499,000 7.65 0.01905
May 17,630 8,491,000 7.65 0.01905
Jun 18,740 9,985,000 7.65 0.01905
Jul 18,965 9,824,000 7.65 0.01905
Aug 18,965 10,581,000 7.65 0.01905
Sep 18,196 9,396,000 7.65 0.01905
Oct 17,745 8,179,000 7.65 0.01905
Nov 14,200 7,580,000 7.65 0.01905
Dec 14,015 7,388,000 7.65 0.01905

Simulated cost-optimized operation based on recorded cooling
load

This section presents the simulated cost-optimized operation
decision for each hour of August of the same year generated
from the actual recorded cooling load. The simulation used
the models and dual-stage solution method described in the
previous section. The optimization is performed by a com-
puter program written with MATLAB®, and it took 9 min
for calculation on a workstation with Intel Xeon W3550 CPU
at 3.07 GHz and 12 GB memory. The decision variable for the
case studies are PLR (x;) for each hour of the entire planning
horizon (7) and electricity demand limit (yx). The case study
was solved based on the two-stage solution method through an
implicit enumeration method. One case of the simulation runs
is performed based on the data of August of a year with prin-
cipal 7441 decision variables: 3720 PLRs (x;,), 3720 on—off
status (u;,), and one electricity limit. Its cost-optimized oper-
ation profile is shown in Figure 2.

The results shown in Figure 2 indicated that the operation
of the electric chillers should be primarily based on their effi-
ciency. The results suggested that the main part of the cooling
load should be met by using the two small electric chillers,
which are more efficient, with electric chiller 2 operated only
when extra capacity is needed. Operating electric chiller 1 is
the least economical choice. When the cooling load is greater
than 7000 ton/h (electric chillers 3 and 4 are operated at the
full PLR and electric chiller 2 is operated at a PLR of 80%), it
could be more economical to use the steam turbine chiller to
cover the remaining portion of the cooling load.

Cost comparison between the manual and cost-optimized
operations

The difference between the operation strategies of the cur-
rent manual and cost-optimized operation can be clearly seen
from a comparison of Figures 1 and 2. The manual operation
focuses more on operational convenience and management.
Its main purpose is to avoid the frequent switching of the
on—off status of the chillers, which could also reduce the risk
of mechanical failure and promote the longevity of the chillers.
This operation (shown in Figure 1) uses the two big chillers
to meet the major part of the cooling load, while the two
small ones cover some of the peak and fluctuating require-
ments. However, the simulated operation with the proposed
cost-optimized model focused more on reducing the total en-
ergy costs.
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Fig. 1. Manual operation profile in August.

Figures 3 and 4 compare the cost terms of the two opera-
tions. The individual cost terms in the current-month billing
and total cost are compared.

As can be seen in Figures 3 and 4, the optimized operation
during only August could save around $140,000 for a fiscal
year. The main part of the savings in this summer month
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Fig. 2. Simulated cost-optimized operation profile for August
using actual cooling load information.

comes from the reduction of the electricity demand ratchet
punitive cost rather than from the current-month billing cost
itself.

These results provide some insights into the trade-off be-
tween different energy sources and operation policies. First,
because of the non-linearity of the cost functions, especially
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Fig. 3. Comparison of individual cost terms in current-month
billing cost for simulated cost-optimized and actual manual op-
eration.

the demand cost and demand ratchet punitive cost, the steam
turbine chiller is more economical when the cooling load is
greater than a threshold value for a given fuel cost rate and
cooling load profile. As shown in Figure 3, the cooling load
shifting from an electric chiller to the steam turbine chiller re-
sults in reductions of $20,000 in electrical energy cost, $10,000
in electricity demand cost, and $2,000 in electrical facility cost.
However, the shifting increases the fuel cost by $29,000.

Second, determining the cooling load shifting point and
the electricity demand limit (yk) are critical and challenging
in achieving the lowest energy cost in summer months.
Increasing the use of the steam turbine chiller in August does
not significantly reduce the current-month billing cost itself.
However, the total cost is greatly reduced by significantly
decreasing the demand ratchet punitive cost. This is because,
as shown in Figures 3 and 4, the trade-off is mainly between
fuel cost and electricity demand ratchet punitive cost. Figure 4
also indicates that the demand ratchet punitive cost is very
sensitive to shifting of the load to the steam turbine chiller.
A reduction of 700 kW in the peak demand (around 3%)
eventually lowered the demand ratchet punitive cost to
a half.

Generally, if the electricity demand limit (yk) is not prop-
erly chosen, it would give a wrong solution, which results
in an increase in the final cost: (1) if the selected electricity
demand limit (yg) is greater than the optimal value (yg*),
the increase in demand ratchet punitive cost will be greater
than the reduction in fuel cost; (2) if the selected electric-
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Fig. 4. Comparison of monthly and total costs of simulated cost-
optimized operation and actual manual operation.
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ity demand limit is smaller than the optimal value (yx*), the
increase in fuel cost will be greater than the reduction in de-
mand ratchet punitive cost. However, if the fuel cost rate is
very cheap, then the steam turbine chillers should be the first
choice and operated as much as possible. Furthermore, if the
steam turbine chillers have enough capacity, operation of the
electric chillers will be unnecessary. Thus, with different fuel
cost rates, the optimal electricity demand limit would be dif-
ferent under the same cooling demand profile. On the other
hand, due to the capacity limit of steam turbine chillers in
real operation, the ideal electricity demand limit may not be
reachable. Therefore, determining the optimal is a challenging
problem.

Therefore, the reasons why the current manual operation
cannot reduce energy costs are as follows: (1) energy costs are
charged as both electrical energy cost and demand cost; (2) de-
mand ratchet policy brings the demand cost charged in winter
months into consideration in summer month operation; (3)
dual electrical energy sources, dual electrical service delivery
lines, and differentiated cost rates complicate the cost rate of
operating the electric chillers; (4) the cost of operating the
electric chillers correlates with the electrical energy consumed
by other facilities; and (5) the floating fuel cost rate makes
it more difficult to evaluate the trade-off between using elec-
trical and fuel energy. As a result of the reasons, the human
operator experience is not sufficient for operating the hybrid
system efficiently for an extended time period even with an
almost known cooling load. In addition, the common knowl-
edge among operators that the electric chillers are more energy
efficient than steam turbine chillers often causes the electric
chillers to be operated more than necessary.

Conclusions

This article introduced a cost-optimized operation-planning
model for a hybrid central cooling plant. The proposed model
provides profound insight into the trade-off of chiller opera-
tions using different types of energy sources under a complex
electricity cost structure. The model was formulated as an
MINLP by integrating the complex characteristics of compo-
nent efficiency, multiple energy sources, a complex non-linear
cost structure, and energy consumption by other facilities. To
reduce the computation required by the MINLP and to facil-
itate real-time implementation, a dual-stage solution method
was devised by introducing the electricity demand limit vari-
able. A case study verified the effectiveness of the method and
mathematic model. The results of the case study also revealed
that the developed method had the potential to make signifi-
cant savings in the total energy cost.
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Nomenclature

Parameters and variables:

¢ = costrate

C = cost function

d = total cooling load

E = function or value of electrical energy supply or con-
sumption

F = function or value of fuel consumption

M = total number of steam turbine chillers

N = total number of electric chillers

p = actual peak electrical power supply or consumption
recorded in the last year

P = peak electrical power supply or consumption

Q = cooling capacity produced by chillers

r = electrical facility ratchet

R = clectricity demand ratchet

T = time horizon

u = decision variable of on—off status of a chiller

x = decision variable of part-load ratio of a chiller

y = decision variable of peak electricity demand limit

a = demand ratchet factor

B = summer month indicator; 1 if current month is a sum-
mer month, and 0 otherwise

AP = difference between demand ratchet and actual peak
demand for the same winter month; non-negative
number

Subscripts

i,j = electric/steam turbine chiller

t = time period

k = month in the planning year starting from first summer

month

K = current month

Superscripts

CT = cooling tower

CWP = chilled water pump

D = designed value

DM = electricity demand cost

DR = electricity demand ratchet cost

EC = electric chiller

EG = electrical energy cost

F = fuel

FC = electrical facility cost

L = local electricity supplier

Max = maximum value

PR = primary service

S = start up

SC = secondary service

SC1 = secondary service part I, for cooling plant

SC2 = secondary service part II, for other facilities

TC = steam turbine chiller

Total = total terms

HVAC&R Research

TWP = tower water pump
w = national electricity supplier
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