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ABSTRACT

This paper proposes a design of cogeneration or
combined heat and power (CHP) system and analysis
of economic and environmental optimal operations for
a building energy management system (BEMS). The
proposed BEMS consists of a CHP system, an auxil-
iary boiler, an absorption chiller, and power grids.
The design problem concerns with multi-objective
cost functions: total operating costs (TOC) and total
carbon dioxide emissions (TCOE) which can be for-
mulated as a linear program. The optimal operation
analysis is employed to determine a suitable capacity
of the CHP system for the proposed BEMS. Then, we
analyze the optimal energy flow for each component
and the relationship between TOC and TCOE. The
numerical results show that the proposed BEMS can
reduce both TOC and TCOE up to 30% and 14%,
compared to the original electricity usage. Further-
more, the simulation is extended to determine risk in
a long-term operation by investigating the impact of
fuel prices to TOC and TCOE.

Keywords: CHP, BEMS, Economic and Environ-
mental Optimal Operation, COy Emissions, Linear
Programs.

1. INTRODUCTION

Combined heat and power (CHP) generation or co-
generation becomes popular around the world due to
its efficient energy utilization and support from the
government. Several surveys on its commercial tech-
nology [1-4] indicate that CHP has been developed
so that it would fit on-site loads. There are many re-
searches on optimal operation of CHP systems. For
example, an economic optimal operation model of
CHP systems has been developed to earn the max-
imum profit from the viewpoint of energy producers
to small industrial loads [5]. Afterwards, this model
has been modified in order to suit the economic sit-
uation in Thailand and applied to a large shopping
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mall to determine economic cost benefit [6]. Some
research is focused on the impact of power genera-
tion on the environment. Economic and environmen-
tal dispatch algorithms in electrical power systems
have been compiled to draw attention from the util-
ity to reduce emissions from fossil-fueled generation
[7]. An optimal operation of CHP systems based on
operational cost, fuel consumption and COs emission
has been applied to five cities with different climate
conditions to examine which of these operations is
suitable for the city [8]. A multi-objective function
based on economic and environmental operations of
CHP systems for factory energy management system
using steam turbine technology has been developed
[9]. They apply evolutionary programming and least
squares method to find the optimal compromise be-
tween two operating criteria.

The objectives of this paper are twofold. The first
objective is to develop a multi-objective approach to
economic and environmental optimal operations of
the CHP system with an application to building en-
ergy management system for a large shopping mall in
Thailand. The CHP operation model is taken from
the economic and environmental optimal operations
of the CHP system for BEMS [10], but its economic
model is further modified by additionally consider-
ing demand charge costs. The second objective is to
determine a suitable capacity of the CHP system, in-
cluding the type and size of major components for
BEMS. Moreover, we investigate the factors which
affect the optimal operation of each component and
examine how fuel prices make an impact on a long-
term operation.

The paper is organized as follows. Section 2 de-
scribes the main component of BEMS. Section 3 for-
mulates economic and environmental optimal opera-
tions and describes dispatch strategies. A case study
of BEMS and design results are given in Section 4 and
Section 5, respectively. Section 6 and 7 give analy-
sis of the optimal operations and the impact of fuel
prices, respectively. Section 8 presents conclusions.

2. BUILDING ENERGY MANAGEMENT
SYSTEM

BEMS is a computer-controlled system that man-
ages electrical and cooling energy supply and con-
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Diagram of proposed and conventional

sumption in the building for comfort and efficiency.
In this work, the proposed BEMS, Figure 1, controls
and optimizes the operation of CHP generation, aux-
iliary boiler, absorption chiller and power grids. The
CHP system is given priority to generating electricity
for electrical loads (x1), and simultaneously-produced
heat (z4) will be supplied to the absorption chiller
which converts it to cooling energy (z7). However,
if recovered heat is greater than cooling energy de-
mand, its surplus will be released as waste heat (x5).
Besides the operation of the CHP system, power grids
play a role in purchasing electrical energy from the
customer in case of excessive electricity production
from cogeneration (z3) and in selling energy to the
customer in case of power shortages (zs). Lastly, the
auxiliary boiler will cooperate with the CHP system
to compensate for heat shortages (zg).

Compared to the proposed BEMS, the conven-
tional BEMS utilizes electrical energy from power
grids and cooling energy from electric chillers. Nev-
ertheless, electric chillers require electrical energy as
input energy, so cooling loads are converted to be
part of electrical loads. As a consequence, the con-
ventional BEMS purchases electrical energy only from
power grids to meet all energy demand.

3. PROBLEM FORMULATION

There are two steps to formulate optimal operation
problems for BEMS. The first step is to determine
objective functions to achieve economic and environ-
mental optimal operations, including their relation-
ship. Next, we consider dispatch strategies for each
component, based on the assumptions that the oper-
ation of each component is linear and internal losses
are negligible.

3.1 Objective Functions

We formulate objective functions for economic and
environmental optimal operations of BEMS as well as
the objective functions to find their relationship.

The economic optimal operation is aimed to min-
imize total operating costs of BEMS. The objec-
tive function is defined as the total operating costs,

(Baht), which consists of energy costs (EC) and de-
mand charge costs (DCC). EC is the sum of the op-
erating costs of the CHP system, the auxiliary boiler,
and the income and expense from electrical energy
trading with power grids throughout the operation.
DCC is calculated from maximum power imported
from power grids during the operation. Therefore,
the economic objective function can be written as fol-
lows:

TOC = EC + DCC (1)
nxd
EC = Z[CCHP(l'l,k + z21)
— (2)
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where z;j, is energy flow in the time interval of k.
Also, cogp and cap are operating costs of the CHP
system and the auxiliary boiler, g, px, and dpg are
electrical energy selling price, electrical energy charge
and demand charge from power grids. Lastly, n, d,
and At are the number of time intervals in a day,
the number of days, and time duration of each time
interval.

Next, the environmental optimal operation enables
BEMS to reduce a greenhouse gas, especially carbon
dioxide (CO2). Hence, the environmental optimal op-
eration is focused on minimizing total CO2 emissions
of BEMS, (tonnes of COz2, tCO3), which is comprised
of CO5 emissions from the CHP system, the auxiliary
boiler, and power grids as follows:

nxd

TCOFE = Z [EFCHP,COQ (T1k + T2.k)
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where EFCHp7002 and EFAB7002 are COQ emission
factors of the CHP system and auxiliary boiler, and
GEF is grid emission factor, and n4p is boiler’s effi-
ciency.

To find the relationship between two operations,
we employ a multi-objective approach with three
steps. First, we normalize each objective function
with its minimum value, i.e., TOC,,;, and TCOE, ;.
Then, we use a weighting factor, «, to define the
weighted objective function as follows:

TOC

., TCOE
*“TCOE,..

()

min (1 — «)

Subsequently, we vary the weighting factor from 0
to 1 and minimize the linear combination in (5) to
obtain multi-objective optimal operation.
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3.2 Dispatch Strategies

The core of the optimal operation is to design dis-
patch strategies or constraints because they reflect
how well BEMS can supply energy to meet the de-
mand. In this work, BEMS will operate under dif-
ferent objective functions but subject to the same
constraints. The constraints are mainly grouped into
electrical energy (EE) and cooling energy (CE) dis-
patch strategies.

The EE dispatch strategy involves the operation
of the CHP system and power grids. The operation
of the CHP system depends on electrical loads or EE
demand (Uy), that is, it shuts down when there is
no EE demand. In such case, only power grids take
responsibility for supplying EE to electrical loads.
On the contrary, when cooperating with power grids,
the CHP system produces EE within its limitations,
PCHP,mi'rL and PCHP,mawa and heat energy (HE) pro-
portional to its power-to-heat ratio (P2H). Moreover,
the difference in the EE generation between the cur-
rent and the previous hour is taken into account of
the energy ramp rate (Ropp) constraint of the CHP
system. The EE dispatch strategy is summarized by
the following constraints.
if Uy, = 0, then

Tk — To ) — Tag — Tsp — 0
else
PorpminAt <215+ 221 < Porpmaz At
T k+T2k — P2H

T4, k+T5 K
(21,6 + x2k) — (X1,6—1 + T24-1)| < RoupAt
end
1k + o3k = Ug

The CE dispatch strategy is related to the oper-
ation of the CHP system, the auxiliary boiler, and
the absorption chiller. The CHP system and the
boiler produce HE which is converted to CE by the
chiller; also, their operation relies on CE demand
(Cy).Firstly, the boiler and the chiller shut down
when there is no CE demand. In this case, HE pro-
duced from CHP is released as waste HE. Secondly,
if there is CE demand but less than the minimum
cooling production level (CPac min) of the chiller,
the chiller operates at that level so that the temper-
ature in the building is still cool. Regarding HE sup-
ply, BEMS utilizes HE which is simultaneously pro-
duced with EE generation by the CHP system be-
fore HE from the boiler. Thirdly, BEMS still does
not use the boiler if the CHP system can provide
HE enough for the chiller to satisfy CE demand. Fi-
nally, when the boiler starts co-operating with the
CHP system, it produces heat to compensate for the
shortage but operates in its limitations, HPaB min
and H PApB maz-The chiller operates following CE de-
mand but not more than its maximum cooling pro-
duction level (C'Pac maz) Or maximum heat from the

CHP system and the boiler. In sum, the CE dis-
patch strategy can be explained with the following
constraints.

If Ck =0, then

Tak = Tek — Trp — 0
else if Cf, < CPac,minAt, then
24 ,COPac = X7 i
e, =0
7k = CPAC,min At

else if C, < %’;}’At x COPyc, then

24, ,COPAc = x7
6, =0
z7 g = Cg
else
(a5 + 26.)COPac = 271
HPAB mminAt < 26, < HPAB maz At

L1k = mzn(cka CPAC,mazAt7 (%’}L{alm +
HPAC,maacAt)COPAC)

end.

The proposed economic and environmental opti-
mal operations are formulated as a linear program
(LP) which can be efficiency solved by LP solvers,
such as MATLAB optimization toolbox.

4. BEMS CASE STUDY

In a case study, we consider electrical and cool-
ing load profiles of a large shopping mall in Thailand
as loads for BEMS. Figure 2 and Figure 3 show the
hourly electrical and cooling load profiles which are
modified from 15-minute real electrical load profiles
metered from 2 to 29 June 2012 to suit the purposes
of the study. Obviously, the daily pattern of the load
profiles looks similar but has different peak which is
in the range of 22-24.5 MW for electrical loads and
38.69-43.26 MW or 11,100-12,300 tonnes of refriger-
ation (TR) for cooling loads. However, the selected
shopping mall, in fact, uses the electric chiller with
the capacity of 12,000 TR, so it sometimes cannot
provide CE to meet peak demand. Moreover, the
electrical power system of the building is connected
to 69 kV distribution grids of Metropolitan Electric-
ity Authority (MEA) as the primary energy supply
source. Hence, TOC and TCOE of the conventional
BEMS come from electricity tariffs and equivalent
COg2 emissions from power grids. On the contrary,
the energy sources of the proposed BEMS are concen-
trated on natural gas as the primary and electricity
from power grids as the secondary one.



82 ECTI TRANSACTIONS ON ELECTRICAL ENG., ELECTRONICS, AND COMMUNICATIONS VOL.11, NO.2 August 2013

Electrical Load Profiles on June 2-29, 2012
T T T

Table 1: Parameters of power grids.

§20______ _____ Y A 1 Description

%15 ﬂ Electrical energy charges for on-peak - 3.5982

2 1 é ‘ and off-peak time (Baht/kWh) 2.1572

3 \ Electrical energy selling prices for on- 0 3.2504

S ) peak and off-peak time (Baht/kWh) 2.0198

. ;i—Wee:k1 ——Weekz —— Week3 —— Week 4] Demand charge (Baht/kW) dpa 74.14
T sn . e _ ~Wed Grid emission factor (CO2/MWh) GEF | 0.5994

Daily Peak Electrical Loads

ks T T

$ bt ot ‘
@ onr . SR R ;/
g 23 / : /

S 23R fieiet R . L T S O S S A
g 25 \ \ /

3

w

215,

R i i
2345678 91011121314151617 18192021 222324252627 2829
Day

Fig.2: FElectrical load profiles and peak power.

Cooling Load Profiles on June 2-29, 2012

_ ol s i1
351 ff-o H
o .
325 f
& 2 . f f I
215 [ 5 f
R [} [ | |
S oLf | ! [ f [
| | [ —— Week1 —— Week2 Week 3 Week4]|
0 Sat Sun Mon Tue Wed Thu Fri
12400 . Daily Peak Cooling Loads
12200 5 )/'
= R__a
Z 12000' S 7
5 1800R+--fi oo\ i/
£ 11600 % \
S / v ¥
8 11400
At AREIE . = caall
1100011 L i i i i

1 1 1 1 1 1 1 i |
234567 8 9101112131415161718 1920212223 242526272829
Day

Fig.3: Cooling load profiles and peak power.

Natural gas tariff (NGT), Baht/MMBtu, for busi-
ness operators [16], according to National Energy Pol-
icy Commission, is calculated as follows:

NGT = APNG + min(0.0933x

6
APNG,11.4759) 4 13.1766 (6)

where APNG is a monthly average price of natural
gas or a pool price of natural gas (Baht/MMBtu).
This term can be checked from the Department of
Mineral Fuels, Minister of Energy [18]. The second
term in (6) is the remuneration for the gas supply
and distribution service which depends on consumer’s
type [16]. The last term in (6) is the total charge of
gas transportation provided by a natural gas supply
company [17].

Electricity prices in Thailand are classified into
time-of-day (TOD) and time-of-use (TOU) rates, but
this study focuses on the latter for both electricity
purchase and selling prices. TOU rates offer two elec-
tricity prices based on the time of day: on-peak time
which is 9.00-22.00 on Monday-Friday and off-peak

time which is the other. Monthly TOU tariffs, in gen-
eral, consist of energy charge, demand charge, service
charge, power factor charge, fuel adjustment charge
(Ft), and VAT; however, this work only concentrates
on the first two and omits the rest because they are
fixed and very small charges. Therefore, the building
operator pays 3.5982 and 2.1572 Baht/kWh for en-
ergy charge and 74.14 Baht/kW for demand charge
with the schedule of large general service of MEA [20].
On the other hand, electricity selling prices for power
producers using CHP systems [19] are the wholesale
prices at which Electricity Generating Authority of
Thailand (EGAT) sells electricity to MEA at con-
nected voltage levels. Hence, BEMS earns 3.2504 and
2.0198 Baht /kWh for selling EE back to MEA distri-
bution grids [21]. Finally, the grid emission factor
(GEF) of Thailand is exploited to estimate equiva-
lent CO2 emissions when BEMS utilizes electricity
from power grids. Table 1 summarizes all parameters
about power grids for the study.

To design the proposed BEMS, we use the follow-
ing guideline for equipment selection. First, we con-
sider the type and capacity of CHP systems that suit
electrical loads. Then, we choose the type and size of
absorption chillers match the characteristics of heat
production of CHP systems and cooling loads. Next,
the capacity of auxiliary boilers is calculated from the
heat shortage. Lastly, the well-designed combination
will be simulated to find the best proposed BEMS.

CHP systems suitable for building [3], typically,
have the capacity of 10-250 MW based on prime
mover technologies, such as simple-cycle gas turbines,
combined-cycle gas turbines, and steam turbines. In
this work, we consider gas turbines as the CHP sys-
tem of BEMS because their size is appropriate for
the peak electricity demand. Also, gas turbines pro-
duce high temperature steam; for example, a 25 MW
gas turbine can generate 150 pounds per square inch
gauge (psig) saturated steam whose temperature is
185.55°C [2]. Due to the peak electricity demand,
the CHP system data ranging from 22 to 25 MW,
as shown in Table 2, are estimated based upon avail-
able technical data [2-4] and used as the candidates
in the simulation. The minimum and maximum
power production of the CHP systems, Pcwpmin
and Porpmaz are set to 20% and 100% of the rated
power, and electrical energy ramp rate (Rogp) is set
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Table 2: CHP data.

CHP Systems
Rated Electrical | Power to | Max Power Min Power | Elec Energy | COg2 Emission O&M Costs
Power | Efficiency Heat Production Production | Ramp Rate Factor (Baht/MWh)
(MW) (%) Ratio (MW) (MW) (MW) (tCO2/MWh)
- NCHP,EE P2H Pcrpmaz | Porpmin Rcmp EFcupco, OMcup
22 33.11 0.8933 22 4.4 22 0.5497 0.1598
23 33.51 0.9088 23 4.6 23 0.5423 0.1555
24 33.90 0.9244 24 4.8 24 0.5349 0.1513
25 34.30 0.9400 25 5.0 25 0.5275 0.1470
Table 3: Combinations for proposed BEMS. Table 4: Parameters of equipment and other nota-
CHP System | Absorption | Auxiliary Boiler tions.
(MW) Chiller (TR) | (MMBtu/hr) Absorption Chiller
29 12,000 50 Rated cooling power (MW) - 42.2
23 12,000 45 Coefficient of performance (-) COPac 1.1
24 12,000 45 Maximum cooling produc- | CPAc,max 42.2
% 12,000 15 tion(MW)
Minimum cooling produc- CPac,min 8.44
tion(MW)
Auxiliary Boiler
to 100% of the rated power thanks to the fast start Rated heat power (MW) - -
capability of gas turbines, i.e., operating at full load Efficiency (%) NAB 75
within a few minutes. Furthermore, the operating Maximum heat production (MW) | HPAB max _
costs of the CHP system (Comp) can be computed Minimum heat production (MW) | HPag min B
from the following equation: COg emission factor from natural | EFap,co, | 0.1810
NOT % 3.412 gas combustion (tCO2/MWh)
_ . Operation and Maintenance Costs OMap 0.1980
conp(Baht/MWh) = S— (7) | (Baht/Mwh) '
+OMopp Other notations
Electrical energy demand in each Uk -
where OM¢ g p is operation and maintenance costs of time.interval (MWh) -
the CHP system.' ‘ ‘ tcizfellir;l%e:\il;r%l)\z/[\gir?and in each Ck -
. Absorption ch111er§ are commer(:lally.catego?lzed Counter indices of time intervals A -
into two types: single-effect absorption chillers for variables
(SEAC) and double-effect absorption chillers (DEAC) Time duration of each time interval At 1
[11-12]. SEAC are available in sizes ranging of 100- (hr)
1,500 TR and suitable for 14.5-29 psig steam input. Number of time intervals in a day n 24
DEAC are in the same range but require 130.5-145 Number of days in a month (days) d 28
psig steam input. Besides, coefficient of performance Average Price of Natural Gas as of APNG 211.75
(COP4c) of absorption chillers are in the range of | June 2012 (Baht/MMBtu)

0.6-0.7 and 0.9-1.2, but the energy usage regulation in
new buildings [15] recommends at least 0.65 and 1.1
for the single-effect and double-effect types, respec-
tively. Therefore, in this work, we choose DEAC with
the COP4c of 1.1 because the steam output of the
CHP system matches the steam input of absorption
chiller. However, the total capacity of the chiller is
fixed at 12,000 TR or 42.2 MW which is the same size
of the present chiller at the shopping mall. Auxiliary
boilers suitable for the proposed BEMS are industrial
combustion boilers due to the variety of the capacity,
MMBtu/hr. Industrial boilers firing natural gas, gen-
erally, has approximately 75% of thermal efficiency
[13] and COs emissions per HE output (EFap,co,)
0.181 tCO2/MWHh [14]. The capacity of boilers, in the
study, is chosen from the heat shortage depending on

the CHP candidates. Moreover, the minimum and
maximum heat production of the boiler, HPap min
and HPap min, are set to 20% and 100% of the rated
heat power, and the operating costs of the boiler can
be calculated as follows:

NGT x 3.412

cap(Baht/MWh) = Tin

+O0Map (8)

where OM 4p is operation and maintenance costs of
the boiler which are referred to Hashemi’s survey [5].
Table 3 and 4 give the combinations and parameters
related to the absorption chiller, the auxiliary boiler
and others to be used in the study.
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5. DESIGN RESULTS

In this section, we investigate which combination
of the equipment is the best for the proposed BEMS.
We compare TOC and TCOE of all combinations of
the proposed BEMS with those of the conventional
one. For the conventional BEMS, the shopping mall
pays TOC of 39,924,388 Baht and produces TCOE
of 7,503 tCO2. To analyze TOC further, EC and
DCC are 37,543,604 and 2,380,784 Baht or account
for 94.04% and 5.96%, respectively. We use afore-
mentioned information to design the capacity of each
component in BEMS. For example, a 22-MW CHP
system can produce heat 24.63 MW, but the 12,000-
TR DEAC requires heat input 38.37 MW; as a result,
the heat shortage 13.74 MW or 46.88 MMBtu/hr is
compensated from the auxiliary boiler with the size
of 50 MMBtu/hr. Each choice of the proposed BEMS
is simulated under economic and environmental op-
timal operations with APNG of June 2012 [18], i.e.,
211.75 Baht/MMBtu. Table 5 summarizes TOCs and
TCOEs of the combinations of the proposed BEMS
under the economic and environmental optimal oper-
ations. The results indicate that all candidates can
reduce TOCs and TCOEs. TOCs decrease by 24.0%-
30.2% for the economic optimal operation and 22.0%-
26.6% for the environmental operation. Clearly, the
larger the capacity of CHP systems is, the lower TOC
is. It can be explained that when the size of CHP in-
creases, the proposed BEMS earns more income from
selling EE and the operating costs of the CHP system
decrease according to its operation and maintenance
costs. If we consider the constitution of TOCs as
shown in Table 6, ECs and DCCs represent 99.4%-
100% and 0%-0.6% of TOCs for both optimal op-
erations. This result shows that the proportion of

Table 5: System design results.

Economic Environmental

CHP Optimal Operation Optimal Operation
(MW) TOC TCOE TOC TCOE
(Baht) (tCO2) (Baht) (tCO2)

22 30,329,548 6,669 31,123,557 6,526

23 29,483,497 6,635 30,450,384 6,458

24 28,686,091 6,671 29,892,437 6,455

25 27,877,388 6,624 29,309,652 6,484

Table 6: Energy and demand charge costs.

Economic Environmental
CHP Optimal Operation Optimal Operation
(MW) EC DCC EC DCC
(Baht) (Baht) (Baht) (Baht)
22 30,152,250 | 177,298 | 30,946,259 | 177,298
23 29,380,339 | 103,158 | 30,347,226 | 103,158
24 28,649,881 | 36,210 | 29,863,4197 | 29,018
25 27,877,388 0 29,309,652 0

EC increases and the proportion of DCC decreases,
compared to those of the conventional BEMS. It re-
flects that the proposed BEMS utilizes electricity
from power grids as little as possible to obtain the
minimum DCC. However, when compared to EC of
the conventional BEMS, ECs of the proposed BEMS
decrease by 19.7%-25.8% and 17.6%-21.9% for the
economic and environmental optimal operations, re-
spectively. DCCs, which look quite similar for both
optimal operations, are reduced more than 92.5% and
up to 100% when the capacity of CHP is larger than
peak electricity demand. To investigate the contribu-
tion of EC to the decrease in TOC, Table 7 reveals
ECs of each component of the proposed BEMS, in-
cluding income from selling EE to power grids. It is
obvious that when the capacity of the CHP system
increases, the CHP system produces more EE. As a
result, total EC goes up. Nevertheless, the proposed
BEMS can earn additional income due to the increase
in EE export, so net EC of the CHP system does not
increase much. The increase in EE generation of the
CHP system leads to the decrease in HE production
of the auxiliary boiler and EE utilization from power
grids. Therefore, ECs of the boiler and power grids
decline. The decrease of EC results in the decrease

in TOC.

TCOEs decrease by 10.4%-11.6% for the economic
optimal operation and 13.0%-14.0% for the environ-
mental operation. The decreasing trend does not de-
pend on the size of the CHP system, i.e., TCOE does

Table 7: FEnergy costs according to equipment.

Economic Environmental
CHP . Optimal Optimal
Equipment . .
(MW) Operation Operation
EC (Baht) EC (Baht)
C | Total EC | 25,940,626 25,701,669
H | Income | (1,705,461) (503,515)
22 P Net EC 24,235,165 25,198,154
Boiler 4,501,483 5,017,948
Power Grids 1,415,602 730,155
C | Total EC | 26,795,345 26,030,038
H | Income | (2,281,377) (706,605)
23 P Net EC 24,513,968 25,323,433
Boiler 4,194,461 4,866,588
Power Grids 671,910 157,205
C | Total EC | 27,787,078 26,247,007
H | Income | (3,242,411) (1,168,194)
24 P | NetEC 24,544,667 25,078,813
Boiler 3,883,994 4,779,854
Power Grids 221,220 4,752
C | Total EC | 28,650,953 26,543,829
H Income (4,337,845) (1,880,039)
25 P | Net EC 24,313,108 24,663,790
Boiler 3,564,280 4,645,862
Power Grids 0 0
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Table 8: COs Emissions according to equipment.

Economic Environmental
CHP Optimal Operation Optimal Operation
(MW) | CHP Boiler | Grids CHP Boiler | Grids
(tCO2) | (tCO2) | (tCO3) | (tCO2) | (tCO2) | (tCO2)
22 5,493 853 323 5,443 951 132
23 5,670 795 170 5,509 922 27
24 5,874 736 61 5,548 906 1
25 6,049 675 0 5,603 881

not decrease continuously like TOC even if the COq
emission factor of the CHP system goes down accord-
ing to the capacity. Table 8 shows CO2 emissions
of each component. It demonstrates that there are
two trends in COs emissions: an upward trend of the
CHP system and a downward trend of the boiler and
grids. The CHP system working under both optimal
operations is likely to increase CO2 emissions due to
the increase in selling EE to power grids and in pro-
ducing more HE to the absorption chiller. On the
contrary, the auxiliary boiler and power grids have a
tendency to supply less HE and EE when the capac-
ity of the CHP system increases. These two trends
cause changes in TCOE in two directions. TCOE
starts with decrease because the downward trend is
more outstanding; then they change to increase due
to the upward trend. As a result, the proposed BEMS
has the minimum TCOE when the capacity of the
CHP system is 23 and 24 MW for the economic and
environmental optimal operations, respectively. Fi-
nally, to find the best combination of the proposed
BEMS, we need to consider the criteria for the selec-
tion. From Table 5, it is observed that all candidates
working under both optimal operations can reduce
TOC more and more when the capacity of the CHP
increases. Therefore, TOC is not suitable to be used
as a decision criterion. On the other hand, Table 5
demonstrates that there are two minimum TCOEs
depending on the operation. This result shows that
TCOE is appropriate to be used as a decision crite-
rion. In this study, we choose minimum TCOE of
the environmental optimal operation as the decision
criterion because this operation is designed to obtain
the minimum TCOE. As a result, we select the 24-
MW CHP, 12000-TR double-effect absorption chiller,
and 45-MMBtu/hr auxiliary boiler as the best com-
bination for the proposed BEMS.

6. ANALYSIS OF OPTIMAL OPERATIONS

After obtaining the best combination of BEMS,
we analyze the operating behavior of each component
under the economic and environmental optimal oper-
ations. In particular, we will investigate how each
component of the proposed BEMS works under the
economic and environmental optimal operations and
whether the proposed BEMS can supply EE and CE

to meet the demand.

In the analysis, the optimal energy flows on 5 June
2012, a workday, are chosen as examples because we
can examine the effect of TOU rates on the optimal
operations; moreover, the peak cooling demand of
this day is more than the rated cooling power of the
absorption chiller, so we will see that how the chiller
operates in this situation. Lastly, the relationship be-
tween the economic and environmental optimal oper-
ation is established via the multi-objective approach.

6.1 Deciding Factors in Optimal Operations

Before analyzing the optimal operations of the pro-
posed BEMS, we investigate deciding factors in the
economic and environmental optimal operations of
each component.

In view of the economic optimal operation, the pro-
posed BEMS orders the equipment to supply EE or
CE based on deciding factors: EE production cost
of the CHP system, electricity prices of power grids,
and CE production costs of the absorption chiller.
The EE production cost and electricity prices are re-
lated to the operation of the CHP system and power
grids. The EE production cost of the 24-MW CHP
system based on APNG as of June 2012 is 2.5308
Baht /kWh which is greater than the EE charge and
selling price during off-peak time. Hence, in this pe-
riod of time, the proposed BEMS should not sell EE
and may utilize EE from power grids but not much
due to the existence of the demand charge. During
on-peak time, the EE production cost is lower than
the EE charge and selling price, so the CHP system
should operate at the maximum EE production level
to supply EE to electrical loads and earn income from
excessive EE generation. The CE production costs
of the absorption chiller rely on 3 ways of HE sup-
ply: HE coincident with EE generation of the CHP
system to electrical loads and power grids, HE pro-
duced by the CHP system to cooling loads, and HE
produced by the auxiliary boiler. Generally, the pro-
posed BEMS utilizes HE from the CHP system first
if it results from generating EE to electrical loads
or earning income from power grids during the on-
peak time. In this case, the absorption chiller has
no CE production cost because the proposed BEMS
obtains free HE which is coincident with EE genera-
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Table 9: Comparison of EE and CE production
costs and electricity prices.

EE Production Cost and Electricity Prices
EE production cost of CHP (Baht/kWh) 2.5308
Electrical energy charges for on-peak and off- | 3.5982
peak time (Baht/kWh) 2.1572
Electrical energy selling prices for on-peak 3.2504
and off-peak time (Baht/kWh) 2.0198
Demand charge (Baht/kW) 74.14

Cooling Costs
CE production cost of absorption chiller using 2.1268
HE from CHP (Baht/kWhcEg)
CE production cost of absorption chiller using 1.5437
HE from auxiliary boiler (Baht/kWhcg)

Table 10: Comparison of COy emission factors.

COsEmission Factors

CO2 emission factor of CHP (tCO2/MWh) 0.5349
Grid emission factor (CO2/MWh) 0.5994
Equivalent CO2 emission factor of absorption 0.4495
chiller using HE from CHP (tCO2/MWhcE)

Equivalent CO2 emission factor of absorption

chiller using HE from auxiliary boiler 0.2195
(tCO2/MWhcg)

tion of the CHP system. However, if free HE is not
enough for the absorption chiller to satisfy CE de-
mand, the proposed BEMS orders the CHP system to
produce HE more if it does not operate at the max-
imum EE production level yet; otherwise, the pro-
posed BEMS commands the auxiliary boiler to start
operating. In last two cases, the absorption chiller
has the CE production costs which can be calcu-
lated from the amount of HE required to generate one
megawatt-hour of CE (MWhceg). Therefore, the ab-
sorption chiller has the CE production costs of 2.1268
and 1.5437 Baht/ MWhc g when using HE from the
CHP system and auxiliary boiler, respectively. Table
9 summarizes the comparison of EE and CE produc-
tion costs and electricity prices based on APNG as
of June 2012. In view of the environmental optimal
operation, the proposed BEMS commands the equip-
ment to supply EE and CE based on deciding factors:
CO4 emissions factor of the CHP system, grid emis-
sion factor, and equivalent COs emissions factors of
the absorption chiller. The CO, emission factor of
the 24-MW CHP system and grid emission factor,
which are directly linked to EE supply, are 0.5349 and
0.5994 tCO2/MWh; therefore, the proposed BEMS
should use the CHP system as the main EE supply
source to obtain the minimum TCOE. Like the CE
production costs, equivalent CO5 emissions of the ab-
sorption chiller are considered according to HE supply
sources. The absorption chiller supply CE with COs
emissions if it does not use free HE which is coincident
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Fig.4: EFE production of CHP.

with EE generation of the CHP system to electrical
loads and power grids. The equivalent COq emission
factors of the absorption chiller can be computed from
CO4 emissions released to produce a megawatt-hour
of CE, i.e., 0.4495 and 0.2195 tCO2/MWhcg for the
chiller using HE from the CHP system and auxiliary
boiler, respectively. Table 10 summarizes the com-
parison of COs emissions factors.

6.2 Analysis of the CHP system

Figure 4 and 5 show EE and HE production of the
CHP system on 5 June 2012. Obviously, the CHP
system mainly generates EE to electrical loads rather
than sells it while coincident HE is supplied to the
absorption chiller except when there is no cooling de-
mand, i.e., this HE is released as waste HE.

In view of the economic operation, the CHP sys-
tem depends on EE and CE production costs, includ-
ing electricity prices of power grids. During the on-
peak time or 9.00-22.00, the EE production cost of
the CHP system is lower than both the EE charge
and selling price, so the CHP system generates EE
at the maximum level in order to supply electrical
loads with lower costs and export the surplus EE to
power grids to reduce operating costs as much as pos-
sible. Most of the coincident HE is supplied to the
absorption chiller as HE without costs, and a little of
it is released as waste HE. During the off-peak time,
the CHP system produces EE only to electrical loads
and does not export EE to power grids because the
EE production cost is higher than the EE prices.

In view of the environmental operation, the CHP
system operates following either electrical or cooling
loads in each hour but does not try to export EE be-
cause it causes additional CO, emissions unnecessar-
ily. Almost all of the operation time, the CHP system
produces EE following EE demand except when HE
demand for the absorption chiller is more than the
existing HE which is coincident with EE generation
of the CHP system to electrical loads.
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In the case of operation following cooling loads,
the proposed BEMS has two choices in dealing with
the heat shortage. First, it orders CHP system to
produce heat more. Second, it commands auxiliary
boiler to start generating heat. The proposed BEMS
decides which one offers the minimum CQOs emissions.
The proposed BEMS will choose the first if the heat
shortage is little. In other words, it is worth hav-
ing the CHP system produces heat a little bit more
instead of running the auxiliary boiler at the min-
imum heat production level which may causes more
CO3 emissions. When the CHP system produces heat
more, it operates following cooling loads and the sur-
plus EE will be sold to power grids.

6.3 Analysis of the optimal EE flows to elec-
trical loads

Figure 6 demonstrates that the proposed BEMS
supplies EE to meet EE demand. Noticeably, EE
flows of both optimal operations look quite similar,
i.e., almost all of EE is supplied from the CHP sys-
tem, but the reason why each optimal operation dis-
patches such EE flows is different.

On the subject of the economic optimal operation,
the proposed BEMS uses the CHP system as the pri-
mary EE supply source for electrical loads with the
following reason. During the on-peak time, the CHP
system is the main supply source because the EE pro-
duction cost is lower than the EE charge. However,
during the off-peak time, the cost is higher than the
charge, so power grids participate in supplying EE
to electrical loads to reduce operating costs as little
as possible. In this case, the proposed BEMS needs
to compromise three factors, namely, the EE produc-
tion cost, EE charge, and demand charge. As a con-
sequence, the proposed BEMS still exploits the CHP
system as the main EE supply source but permits
power grids to provide a little bit of EE to electrical
loads to obtain the minimum operating costs in this
period of time.
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With regard to the environmental optimal oper-
ation, the proposed BEMS considers COy emission
factors before deciding which power source between
the CHP system or power grids is in charge of sup-
plying EE to electrical loads. Due to the fact that the
CO4 emission factor of the CHP system is lower than
grid emission factor, the CHP system is the main EE
supply source, and power grids will not take part in
supplying EE as long as the CHP system can provide
EE to meet the demand.

6.4 Analysis of the optimal CE flows to cool-
ing loads

Figure 7 displays CE flows to cooling loads. It re-
veals that the proposed BEMS can supply CE to meet
CE demand almost all of the operation time except
when peak cooling demand is greater than the rated
cooling power of the absorption chiller. In that case,
the chiller operates at the maximum CE production
level and cannot provide CE to satisfy CE demand.
The CE production of the chiller working under both
optimal operations is the same, i.e., trying to supply
CE to meet CE demand, but HE supply to the chiller
is different.

As analyzed earlier for the economic optimal oper-
ation, the CHP system produces HE at the maximum
level during the on-peak time due to EE export, and
this HE production has no cost. Therefore, the pro-
posed BEMS utilizes this existing HE before the HE
produced from the auxiliary boiler which has the HE
production cost.

As examined earlier for the environmental opera-
tion, the CHP system provides HE according to its
operation modes: following electrical or cooling loads.
Generally, the CHP system operates in the first mode
which offers HE proportional to EE supplied to elec-
trical loads, so we can consider that the absorption
chiller produces CE without COy emissions. How-
ever, if there is little heat shortage, the CHP system
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will operate in the second mode which causes extra
COy emissions a little bit more. If the shortage in-
creases, the proposed BEMS will change the opera-
tion of the CHP system to the first mode and order
the auxiliary boiler to start supplying HE instead due
to its lower CO5 emission factor. Therefore, the pro-
posed BEMS supplies HE to the absorption chiller
depending on which HE source offers the minimum
CO2 emissions at that hour.

6.5 Relationship between economic and envi-
ronmental optimal operations

To find the relationship between the economic
and environmental optimal operations, we apply a
weighted sum approach to those two objective func-
tions and then solve this optimization problem for
each weighting factor varied from 0 to 1. When the
weighting factor is 0, we obtain the economic optimal
operation. On the other hand, the linear combination
becomes the environmental optimal operation prob-
lem when the weighting factor increases to 1. Figure
8 shows the relationship between two optimal opera-
tions is a trade-off between TOC and TCOE. If the
proposed BEMS operates with low TOC, it gives high
TCOE. This curve is useful for operators in changing
operating points of the proposed BEMS apart from
the economic or environmental operating point. For
example, if operators want to keep TOC less than 29
million Baht, the proposed BEMS will have TCOE
in the range of 6,570-6,671 tCO2 depending on their
decision.

7. IMPACT OF APNG

This section investigates the risk in a long-term
operation of the proposed BEMS. In particular, we
focus on analyzing an impact of APNG onto TOC,
TCOE, and optimal operations of equipment. APNG
is the most important external factor because it is
an usncontrollable factor for building owners but has
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a direct and major effect on the operating costs of
equipment like the CHP system and auxiliary boiler
in a long run. Figure 9 shows APNG in Thailand
during 2003-2012 [18]. Obviously, APNG increases
almost every year and more than twice in 10 years.
Besides, the lifetime of equipment in the proposed
BEMS, typically, is in the range of 20-30 years, so
this is the reason we need to consider the impact of
APNG in a long-term operation. In the simulation,
we vary APNG from 50 to 550 Baht/MMBtu and
then solve the economic and environmental optimal
operation problems of the proposed BEMS, while EE
charges, EE selling prices, and CO2 emission factors
are fixed.

7.1 Impact of APNG on TOC

Figure 10 indicates that TOCs of both optimal op-
erations increase linearly as APNG goes up. TOC
of the environmental optimal operation rises steadily,
but TOC of the economic optimal operation go up
dramatically until APNG reaches 160 Baht/MMBtu
due to exporting EE to cut TOC as much as possible;
then, it starts reducing EE export and grows with the
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same rate of TOC of the environmental one. More-
over, TOCs of the proposed BEMS are more than
TOC of the conventional one when APNGs reach 295
and 303 Baht/MMBtu, which means that it is not
worth using the proposed BEMS. If we delve deeply
into the constitution of TOC, Figure 11 shows ECs
and DCCs versus APNG. ECs of both optimal oper-
ations go up linearly like TOC, but DCCs is differ-
ent. DCC of the economic optimal operation is con-
stant until APNG reaches 211 Baht/MMBtu; then,
it begins to increase nonlinearly but is still much less
than DCC of the conventional BEMS. On the other
hand, DCC of the environmental optimal operation
is constant; this means that the change in APNG
does not cause any effect on DCC. The reason is that
APNG does not cause change in CO2 emission fac-
tors, and the grid emission factor is still higher than
the CO2 emission factor of the CHP system. As a
result, the proposed BEMS needs to keep utilizing
electricity from power grids as little as possible in or-
der to obtain the minimum COQOs emissions.

7.2 Impact of APNG on TCOE

Figure 12 shows TCOEs of both optimal opera-
tions. Obviously, TCOE of the environmental opti-
mal operation is constant because CO2 emission fac-
tors which are the important deciding factors in the
operation do not depend on APNG. Therefore, the
change in APNG does not cause any effect on TCOE;
in other words, each component of the proposed
BEMS still works at the same environmental optimal
operating point. In contrast, TCOE of the economic
optimal operation changes in six steps at APNGs of
161, 175, 211, 283, 380, and 407 Baht/MMBtu. To
investigate the causes of the change, we consider the
changes in the EE production cost of the CHP, the
CE production costs of the absorption chiller, and the
net energy production and the usage of each compo-
nent. The changes of TCOE of the economic optimal
operation will be analyzed in the next subsections.
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7.3 Impact of APNG on EE and CE Costs

Figure 13 shows the EE production cost of the
CHP system versus APNG. The EE production cost
of the CHP system increases linearly. When we con-
sider it together with the EE charges and EE selling
prices which is fixed in the simulation, the result is
that there are 4 intersection points at APNGs of 161,
175, 283, and 318 Baht/MMBtu. Hence, the CHP
system and power grids could cooperate in 5 possible
schemes for the EE dispatch under the economic op-
timal operation. These schemes depend on the range
of APNG as follows.

Scheme 1: When APNG is less than 161
Baht/MMBtu, the EE production cost of the CHP
system is lower than the off-peak EE selling price.
The CHP system should operate at the maximum EE
production level throughout the operation. In other
words, the proposed BEMS should earn income from
selling EE during off-peak and on-peak time to reduce
operating costs as much as possible. Moreover, the
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proposed BEMS should not utilize EE from power
grids to supply electrical loads as long as the CHP
system can provide EE to meet EE demand.

Scheme 2: When APNG is in the range of 161-175
Baht/MMBtu, the EE production cost is higher than
the off-peak EE selling price but still lower than the
off-peak EE charge. During the off-peak time, the
CHP system should stop selling EE to power grids
and only generate EE electrical loads. During the on-
peak time, the CHP system still operates at the maxi-
mum EE production level to earn income from selling
EE. Furthermore, the proposed BEMS still does not
need to utilize EE from power grids.

Scheme 3: When APNG is in the range of 175-
283 Baht/MMBtu, the EE production cost is greater
than the off-peak EE charge but less than the on-
peak EE selling price. During the off-peak time, the
CHP system should reduce EE production to electri-
cal loads, and power grids should take part in sup-
plying EE to meet the demand. In this case, the
proposed BEMS need to compromise among the EE
production cost, the off-peak EE charge, and the de-
mand charge before deciding how much EE the CHP
system and power grids should supply to meet EE de-
mand with the minimum TOC. During the on-peak
time, the CHP system still operates at the maximum
EE production level and power grids participate in
supplying EE in case of electricity shortage.

Scheme 4: When APNG is in the range of 283-
318 Baht/MMBtu, the EE production cost is higher
than the on-peak selling price but still lower than
the on-peak EE charge. During the off-peak time,
the CHP system and power grids should operate like
their cooperation in the scheme 3. During the on-
peak time, the CHP system should stop selling EE
and only generate EE to electrical loads; moreover,
power grids will supply EE when there is electricity
shortage.

Scheme 5: When APNG is greater than 318
Baht/MMBtu, the EE production cost is higher than
the on-peak EE charge. The proposed BEMS com-
promises the cooperation between the CHP system
and power grids based on the EE production cost,
the EE charges and the demand charge during the
off-peak and on-peak time in order to obtain the min-
imum TOC.

Figure 14 shows the CE production costs of the ab-
sorption chiller using HE from the CHP system and
auxiliary boiler versus APNG. These two CE produc-
tion costs increase linearly, but the CE production
cost of the chiller using HE from the CHP system
rises more rapidly. Therefore, the proposed BEMS
under the economic optimal operation should reduce
HE supply from the CHP system and increase HE
production of the auxiliary boiler when APNG in-
creases.
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7.4 Impact of APNG on optimal operations

Figures 15-17 show the EE dispatch of the CHP
system and power grids and Figure 18 displays the HE
dispatch of the CHP system and the auxiliary boiler
to the absorption chiller. As analyzed via TCOE ear-
lier, the optimal operating point of each component
in the proposed BEMS working under the environ-
mental optimal operation does not change following
APNG; therefore, we will not further discuss the EE
and HE production of equipment under this opera-
tion. On the contrary, the EE and HE dispatch of the
proposed BEMS working under the economic optimal
operation causes 6-step changes in TCOE. Figure 15
reveals that total EE production of the CHP system
based on loads as of June 2012 has 6-step changes like
the changes of TCOE. In other words, each operat-
ing point of the CHP system causes a direct change
of TCOE. Figure 16 demonstrates that total EE sup-
ply to electrical loads results in 3-step changes and
the other 3-step changes result from total exported
EE to power grids as shown in Figure 17. Figure
18 displays total HE supply to the absorption chiller
which contributes to supporting the investigation. In
summary, the changes of TCOE due to the economic
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optimal operation can be explained as follows.

Step 1:At APNG of 161 Baht/MMBtu, the EE pro-
duction cost of the CHP system starts rising higher
than the off-peak EE selling price, so the CHP sys-
tem stop exporting EE to power grids during the off-
peak time (see in Figure 17). As a result, TCOE falls
sharply following the largest decrease in total EE pro-
duction of the CHP system.

Step 2:At APNG of 175 Baht/MMBtu, the EE pro-
duction cost of the CHP system begins to go higher
than the off-peak EE charge, so the proposed BEMS
decreases EE supply from the CHP system to electri-
cal loads during the off-peak time but increases the
utilization of EE from power grids instead (see in Fig-
ure 16). As a result, the CHP system reduces total
EE production, but TCOE go up a little bit because
the grid emission factor is greater than the CO2 emis-
sion factor of the CHP system. In other words, EE
from power grids causes COs emissions more than
that from EE from the CHP system.

Step 3:At APNG of 211 Baht/MMBtu, the de-
mand charge starts having an influence on the eco-
nomic optimal operation, i.e., the proposed BEMS
needs to compromise among the EE production costs
of the CHP system, the off-peak EE charge, and
the demand charge in order to obtain the minimum
TOC. The CHP system decreases EE supply to elec-
trical loads continuously while power grids provide
EE to them more and more (see in Figure 16). There-
fore, total EE production of the CHP system decrease
slowly, but TCOE increases gradually following max-
imum power from power grids.

Step 4:At APNG of 283 Baht/MMB¢tu, the EE pro-
duction cost of the CHP system begins rising higher
than the on-peak selling price, so the CHP system
quits selling EE during the on-peak time (see in Fig-
ure 17). Consequently, TCOE drops following the
total EE production of the CHP system.

Step 5:At APNG of 380 Baht/MMBtu, the cooling
costs have an effect on the economic optimal opera-
tion, i.e., the proposed BEMS reduce HE supply from
the CHP system in case of slight heat shortage. In
other words, if APNG is less than 380 Baht/MMBtu,
and it is worth commanding the CHP system to pro-
duce HE a little bit more, from existing HE propor-
tion to EE generation to electrical loads, to supply
the heat shortage. However, if APNG is greater than
380 Baht/MMBtu, it is worth using HE from the aux-
iliary boiler only to supply slight heat shortage. As a
consequence, the CHP system reduces HE supply to
the absorption chiller, but the auxiliary boiler takes
charge of HE supply instead (see in Figure 18). Also,
such an operation of the CHP system leads to the
decrease in EE export during the on-peak time (see
in Figure 17). Therefore, TCOE goes down because
the CHP system reduces total EE production and the
use of HE produced from the auxiliary boiler causes
lower CO5 emissions.

Step 6:At APNG of 407 Baht/MMB¢tu, the EE pro-
duction cost of the CHP system is already greater
than the on-peak EE charge, so the proposed BEMS
needs to consider three factors, namely, the EE pro-
duction cost, the on-peak EE charge, and the de-
mand charge in order to acquire the minimum TOC.
The CHP system decreases EE supply to electrical
loads during the on-peak time while power grids in-
crease EE supply instead (see in Figure 17). Also,
this operation of the CHP system brings about the
decrease in HE supply to the absorption chiller, so
the auxiliary boiler has to produce additional HE to
compensate the shortage (see in Figure 18). TCOE
increases following the larger utilization of EE from
power grids even though the total EE production of
CHP decreases.

Finally, although the proposed BEMS can reduce
both TOC and TCOE, it has a room for improve-
ment, i.e., there is still waste HE from both optimal
operations as shown in Figure 19. Almost all of waste
HE occurs in the off-peak time when there is no CE
demand. To improve energy efficiency in the pro-
posed BEMS, we recommend adding heat storage to
keep waste HE, especially in the off-peak time, and
use it in the on-peak time to reduce TOC and TCOE.
It is obvious that when APNG is in the range of 50-
161 Baht/MMBtu, total waste HE is more than to-
tal HE production of the auxiliary boiler. Therefore,
in this case, the proposed BEMS does not need HE
from the auxiliary boiler; in other words, TOC and
TCOE come only from the sum of operating costs and
CO2 emissions of the CHP system and power grids.
However, if APNG is greater than 161 Baht/MMBtu,
the utilization of waste HE contributes to reducing
TOC and TCOE in part of operating costs and COs
emissions of the auxiliary boiler.To determine a suit-
able capacity of heat storage, we employ total waste
HE shown in Figure 19. For example, if APNG is
greater than 161 Baht/MMB¢tu, it is observed that
total waste HE of both optimal operations is in the
range of 1.03-1.35 GWh per month or 36.78-48.21
MWh per day. Therefore, we may choose the size of
heat storage in the range of 37-49 MWh. To estimate
on how much the full utilization of total waste HE
contributes to cutting TOC and TCOE, we find that
TOCs can be reduced by 5.5-8.4% and 6.8%-7.5% and
TCOEs are decreased by 3.7-4.9% and 4.8% for the
economic and environmental optimal operations, re-
spectively.

8. CONCLUSIONS

In this paper, we demonstrate that the applica-
tion of BEMS consisting of the CHP system, absorp-
tion chiller, and auxiliary boiler is suitable for a large
shopping mall due to the pattern of electrical and
cooling loads. We design a suitable combination of
CHP systems and analyze economic and environmen-
tal optimal operations. The numerical results show
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Fig.19: Total waste HE vs. APNG.

that the designed CHP system can reduce both TOC
and TCOE up to 30% and 14%, compared to the orig-
inal electricity usage. Furthermore, the fluctuation in
APNG has impacts on a long-term operation.
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