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The technical, economical and environmental performances of combined cooling, heating and power
(CCHP) system are closely dependent on its design and operation strategy. This paper analyzes the energy
flow of CCHP system and deduces the primary energy consumption following the thermal demand of
building. Three criteria, primary energy saving (PES), annual total cost saving (ATCS), and carbon dioxide
emission reduction (CDER) are selected to evaluate the performance of CCHP system. Based on the energy
flow of CCHP system, the capacity and operation of CCHP system are optimized by genetic algorithm (GA)
so as to maximize the technical, economical and environmental benefits achieved by CCHP system in
comparison to separation production system. A numerical example of gas CCHP system for a hotel build-
ing in Beijing is given to ascertain the effectiveness of the optimal method. Furthermore, a sensitivity
analysis is presented in order to show how the optimal operation strategy would vary due to the changes
of electricity price and gas price.
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1. Introduction

Combined cooling, heating and power (CCHP) system is broadly
identified as an alternative for the world to meet and solve energy-
related problems, such as increasing energy demands, increasing
energy cost, energy supply security, and environmental concerns
[1-6]. A good CCHP system must yield economical savings, but
more importantly must yield real energy savings as well as reduc-
ing the emission of pollutants. The performance of CCHP system is
closely dependent on its design and operation. Aiming to maximize
the benefits from CCHP system in comparison to traditional sepa-
ration production (SP), it is necessary to optimize the design and
operation strategy.

Many studies have been reported on this topic. Better perfor-
mances (e.g. operations cost, carbon dioxide emission reduction
(CDER), and primary energy consumption (PEC)) can be obtained
when the optimization was applied to design and/or operate CCHP
systems. The optimized CCHP systems have different components.
For example, the prime mover includes gas turbine [7-9], steam
turbine [10,11], gas engine [12,13], a steam Rankine process using
biomass fuels [14], and the cooling system adopts compression
[15], absorption [7,15], and ejector refrigeration cycle [11], etc.

The typical optimization algorithms used in CCHP systems are
usually divided to linear programming and non-linear program-
ming. The linear algorithm is easily applied to CCHP system opti-
mization [16-19]. The mixed integer non-linear programming
model is another common optimization method [9,10,14,15,
20,21], which considers the non-linear characteristic and solves
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the non-linear problems. There are other optimization methods
such as sequential quadratic programming [8], tri-commodity sim-
plex algorithm [17], extended power simplex algorithm [18],
Lagrangian relaxation [22] and genetic algorithm (GA) [23,24].
More importantly, the objective function in optimization process
guides and determines the optimal result in some extent. Usually,
the objective function is expressed in different terms of net cash
flow, primary energy saving [25], total cost rate [8], annual total
cost [9], energy cost [7,26], exergetic efficiency and gross benefit
[27], as well as carbon dioxide emissions costs [17]. Generally,
the benefits achieved by CCHP system are maximized from econ-
omy, energy consumption and environment.

This paper presents the general energy flow model of CCHP sys-
tem and the evaluation criteria including technology, economy and
environment. Then the objective function of the integrated perfor-
mance of CCHP is constructed and GA is employed to optimize its
design capacity and operation. This paper is organized as follows.
Section 2 presents the mathematical analysis of the CCHP system
and the evaluation criteria of CCHP systems in comparison to SP.
Section 3 proposes the optimization problems and constructs the
GA optimization method. Section 4 applies GA to optimize the
CCHP system providing three products to a commercial building
in Beijing, China. Some comments are concluded in the last section.

2. CCHP system
2.1. Energy flow of CCHP system

The CCHP system consists of a power generation unit (PGU),
a waste recovery system, a back-up boiler, cooling system and
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Nomenclature

ATCS annual total cost saving

CCHP combined cooling heat and power
CDE carbon dioxide emission

CDER carbon dioxide emission reduction
cop coefficient of performance

GA genetic algorithm

PGU power generation unit

PES primary energy saving

SP separation production

Symbols

C cost

E electricity

F fuel

N installation capacity

Q heat

R capital recovery factor

n efficiency

u CO, emission conversion factor

Subscripts

ac absorption chiller

b boiler

c cool

e electricity

ec electric chiller

f fuel

grid electricity grid

h heat

p pump ) )

pgu power generation unit

r recovery heat

rc the part of recovery heat for cooling
rec waste heat recovery system

rh the part of recovery heat for heating
X ratio of electric cooling to cool load

Superscript

Sp separation production

heating system, which is shown in Fig. 1. Here the cooling system
adopts the combination of electric chiller and absorption chiller
because the excess electricity may be usually produced by CCHP
system following thermal demand and the excess electricity is
not allowed to be sold back to grid in China. The CCHP system
operates following thermal demand, which is a common and sim-
ple operation strategy [28]. The PGU is driven by natural gas and
produces the electricity to building. The high-temperature exhaust
gas of PGU is recovered to accommodate the thermal load for cool-
ing in summer and heating in winter. If the heating does not com-
pletely satisfy the application needs, a supplementary boiler can be
used. Similarly, when the amount of generated electricity by PGU is
not enough, the additional electricity comes from the local grid. On
the contrary, when there are excess heat or electricity produced by
CCHP system, the excess energy products are dissipated from CCHP
system. Consequently, the operation of PGU must reduce the ex-
cess products when it satisfy one energy demand of building.

The balance of the electric energy in CCHP system is expressed
as

Egrig + Epgu = E+ E, + Eec (1)

where Egyq is the electricity from grid in CCHP system (when PGU
generates the excess electricity, Egq iS negative and its value is
equal to the excess electricity. The treatment of the excess electric-
ity is explained in the last assumptions of Section 2.1), Epg, is the
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Fig. 1. Energy flow diagram of CCHP system.

generated electricity by PGU, E is the electric energy use (lights
and equipments) of building, E, is the parasitic electric energy con-
sumption of CCHP system, and E. is the electric energy consump-
tion for electric chiller providing cool to building.

The electricity used by electric chiller is calculated as

_ Qec
Eee = 0P, (2)

where Q. is the cooling produced by the electric chiller, and COP, is
the electric chiller’s coefficient of performance (COP).
The PGU fuel energy consumption, Fpgy,, can be estimated as

Epgu
3
e )

where 7, is the PGU generation efficiency.
The recovered waste heat from the prime mover, Q,, can be cal-
culated as

QT = Pglly]rec(l - ne) (4)

where 7, is the heat recovery system efficiency.
The heat supplied to the cooling system and heating coil is

Qr + Qb = Qrc + th (5)

where Q, is the supplementary heat from the boiler, Q,. and Q,;, are
the heat supplied to absorption chiller and heating coil,
respectively.

The heat required by the absorption chiller and heating coil to
handle a part of cooling load and all heating load are estimated
respectively as

Fpgu =

QGC
Qrc = COPHC (6)
and
Qi
rh = —— 7
Qm 7Ih (7

where COP, is the absorption chiller’s COP, Q. is the cool produced
by absorption chiller, Q, is heat demand for space heating and
domestic hot water, and 5, is the efficiency of heating coil (here
to simplify the calculation, it is assumed that the transmission effi-
ciency of domestic hot water is equal to 7).
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The supplementary fuel energy consumption to the boiler, Fp,
can be estimated as

F _Qrc+th7Qr
= —— =T
My

where #;, is the back-up boiler efficiency.
The balance of the cool load of building is expressed as

Qc = Qec + Qac (9)

where Q. is the cool demand for space cooling.
Here x is defined to the ratio of cool provided by electric chiller
to the cool load and it is expressed as

(8)

QE’C
X Q. (10)
and it is called the ratio of electric cooling to cool load here. When
x =0, the cooling system adopts absorption chiller, and when x =1,
the electric chiller is employed to provide cool for building. Other-
wise, the cooling system adopts mixed chillers.
Therefore, the on-site fuel energy consumption, F,_site, is calcu-
lated as

Fan—site:Fpgu+Fb (11)

and, the total fuel energy consumption is

Eorig
F = Fon_site + —c—-U (12)
onsite ’7§P’7gn'd
where 7 is the generation efficiency of SP, 144 is the transmission
and distribution efficiency of electricity grid, and

U 1, Egig>=0

N 07 Egrid <0
Assuming to the maximum input fuel energy, Fyax, of the PGU, the
operating conditions and the achievable results are expressed in the

terms of the total fuel energy consumption in Eqs. (1)-(12) as
follows:

(1 7X)Qc +%

Test condition : “CoPs T, 2 Fnax(1 = 1) Miec (13)
If Test condition = True then
A-xQc |, Q
op ot = Fmax(1 = 1)1 Egi
F = Fmax + COP Mn max e/ frec SPgnd .U (14)
nb ne ngrid
where Egig = E+ Ep + &% — Frnaxl,-
If Test condition = False then
A-xQc | Q
F— COP, + I Egrid . (]5)
(l - ’/Ie)”rec ’7§P77gn'd
(ICo;)QC+?i
where Egig = E + Ep + 255 — i 1.

In this study, the capacity of PGU selected in the design stage,
Fmax"e, and the fixed ratio of electric cooling to cool load used in
operation stage, x, are optimized. The reason of selecting capacity
of PGU is that the sizing of CCHP plant is important to capital cost
and operation mode. After the capacity of PGU is determined, the
capacity of heat recovery system and boiler, etc., are naturally ob-
tained. Because the generation efficiency of PGU is assumed to be
constant in the following section, F.x is selected to be optimized
by GA. The fixed ratio of electric cooling to cool load aims to con-
struct the simple operation strategy. When x is changed with time
and not constant, the operation mode will be more complicated
and it requires more advanced and complicated control system.
Therefore, the fixed ratio is selected to be optimized.

During the optimal analysis of CCHP system, some important
assumptions are followed:

(1) The minimum technical limit of CCHP system is neglected.
The CCHP equipments can operate anywhere between 0%
and 100% of its rated capacity, and ramping rate for load
adjustment is not included.

(2) The CCHP system is assumed to be 100% reliable.

(3) The efficiency drops of CCHP equipments at part load
operation are neglected to simplify the analysis and
calculation.

(4) The CCHP system operates following thermal demand. When
PGU runs in this strategy, CCHP system may produce excess
electricity that can usually be exported or stored for future
use. But the electricity generated by micro-CCHP system
for building is not allowed to be sold back to grid in China.
Consequently, it is assumed that the excess electricity is
not sent to grid in this analysis. However, the excess electric-
ity is not technically dissipated directly when CCHP system
runs following the thermal demands. Therefore, the addi-
tional electricity can be stored or sent to other nearby users.
But the energy saving or economical saving of the excess
electricity is not considered into the analysis of the indepen-
dent CCHP system.

2.2. Evaluation criteria

To carry out this analysis, an existing conventional SP system, as
a reference system, is compared to the CCHP system. The energy
flow of SP is as follows: the electricity needed by building comes
from the local electricity grid, the cooling system adopts the elec-
tric chiller, and the heat comes from gas boiler and is distributed to
users through heating coils. Therefore, the primary energy con-
sumption of SP is calculated as:

po_ E B QO
N Ngia M Ngia  COPMNgia M 103

where E)" is the additional electrical energy use of distribution
equipments such as pumps and fans in SP system, #;" and #;" are
the efficiencies of boiler and heating coil, respectively.

To measure the benefits from technology, economy and envi-
ronment, achieved by CCHP system in comparison to SP, the fol-
lowing evaluation criteria are used.

(16)

(1) Primary energy savings (PES)

PES is defined as the ratio of the saving energy of CCHP system
in comparison the SP system to the energy consumption of SP. It
can be written as

SP
F-F ,_F (17)

PES=—5— =115

(2) Annual total cost saving (ATCS)

The annual total cost, which includes the annual capital cost
and the annual energy charge, is calculated

365 24

]
ATC =R x Z NiCi + Z Z(Eik,gridcik,e + FiCiy) (18)

k=1 i=1 k=1

where N and C are the installed power of equipment and the initial
capital cost of each kind of equipment, respectively, [ is the number
of equipments, Cy. and Gy are the hourly energy charges of
electricity and natural gas, respectively, and Ejxgriq and Fy are the
hourly demands of the electricity bought from grid and the natural
gas.
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The capital recovery factor, R, is defined to:
i(1+10)"
R=——5"— 19
(1+0)" -1 (19)
where i is the interest rate and n is the service life of the equipment.
Herein it is assumed that the values of i and n are equal to all kinds
of equipment.
Similarly, ATCS is defined as the ratio of the saving annual total
cost of CCHP system in comparison to the SP to the annual total
cost of SP. It can be written as

ATC™ —ATC . ATC
ATC* ATC*

where ATC" is the annual total cost of SP.

ATCS =

(20)

(3) Carbon dioxide emission reduction (CDER)

The amount of carbon dioxide emission (CDE) from CCHP sys-
tem can be determined using the emission conversion factors as
follows [29,30]:

CDE = o, iF + Uco, Egria (21)

where pie,, ¢ and i, , are the emission conversion factors of natu-
ral gas and electricity from grid, respectively.

Referred to the definition of PES and ATCS, the amount of CDER
of CCHP system in comparison to SP can be calculated as follows:
CDE* —~CDE . CDE

CDE* CDE*

where CDE" is the amount of CDE from SP.

CDER = (22)

3. Optimization

This paper attempts to solve the optimal problem of CCHP uti-
lizing the method of mathematical programming. The integrated
performance of CCHP system is considered and amplify the benefit
achieved by CCHP system in comparison to the SP system. The fol-
lowing objective function, namely the fitness function in GA, is de-
fined to maximize the benefits of CCHP system from technology,
economy and environment:

max Uginess = @1 - PES + w, - ATCS + w3 - CDER (23)

where m;, w, and w3 are the weights of PES, ATCS and CDER.

The fitness function is defined as the weighted sum of PES, ATCS
and CDER, which is related to the primary energy consumption,
fuel expense, capital cost, and emission conversion factors. It is
the evaluation function of population during the evolution in GA.
In the programming, the minimum objective function is adopted
so that the maximum function in Eq. (23) is changed to:

min/ =

Uﬂtness (24)
GA is a search technique used in computing to find exact or approx-
imate solutions to optimization and search problems. First pio-
neered by John Holland in the 1960s, GA has been widely applied
in bioinformatics, phylogenetics, computational science, engineer-
ing, economics, chemistry, manufacturing, mathematics, physics
and other fields [11,31-38]. GAs are a particular class of evolution-
ary algorithms (also known as evolutionary computation) that use
techniques inspired by evolutionary biology such as inheritance,
mutation, selection, and crossover. Simple generational genetic
algorithm procedure is to:

(1) Choose initial population.
(2) Evaluate the fitness of each individual in the population.

(3) Repeat until termination: (time limit or sufficient fitness
achieved)
e Select best-ranking individuals to reproduce;
e breed new generation through crossover and/or mutation
(genetic operations) and give birth to offspring;
e evaluate the individual fitnesses of the offspring;
e replace worst ranked part of population with offspring.

The optimization procedure of CCHP system in GA is shown in
Fig. 2. Characteristic parameters of CCHP system (such as PGU effi-
ciency, COP of cooling system, and CDE), energy demands of build-
ing, cost parameters (such as cost of fuel and electricity, and capital
cost of equipments) and GA parameters (population size, evolu-
tionary generations, crossover probability, and mutation probabil-
ity, etc.) are given at the beginning. The initial values of variables,
Fmax and x, are presented and they are coded in 0/1 strings corre-

max®
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of CCHP system
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| GA parameters |

v
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of ty:uilding | Coding |
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Satisfy objectives?

N+1—N
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Crossover
Mutation
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| Decoding |
v

| END |

Fig. 2. Flow chart of CCHP system’s optimization in GA.
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Fig. 4. Daily loads of the hotel in Beijing.
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sponding to the values of genes. The coding form is shown in Fig. 3.
L is the number of genes. Then, the objective function is evaluated.
With each searching step, the operational strategy is assessed and
the annual energy charge is evaluated by the comprehensive rela-
tionships of load demands, system performance characteristics and
energy balance of the whole system. Optimal values of capacity of
PGU and ratio of electric cooling to cool load are searched so as to
maximize the benefits achieved by CCHP system in comparison to
SP. When the optimal criterion is satisfied, the binary codes are de-
coded into decimalization and the optimal capacity and operation
strategy of CCHP system in consideration of the annual operation
are determined. Otherwise, the best individual is selected, the ini-
tial population is operated through reproduction, crossover and
mutation, and then the search is turned back to the fitness calcula-
tion again until the optimal criterion is satisfied.

Table 1
Input values employed for the energy used calculations for CCHP system and
separation production system.

System Variable Symbol Mean
value
PGU of CCHP system Efficiency e 0.3
Waste heat recovery Efficiency Nrec 0.8
system
Electric chiller copr COP, 3
Absorption chiller coP COP, 0.7
Boiler Efficiency N 0.8
Heating coil Efficiency i 0.8
PGU of separation Efficiency n? 0.35
production system
Grid Transmission Ngrid 0.92
efficiency
CO, emission Natural gas Heo, 220
conversion factor Electricity from grid Heo, e 968
(g/k Wh)
Table 2
Unit price of the facilities.
Facility Prime Heating Boiler Absorption Electric
mover coil chiller chiller
Unit price 6800 200 300 1200 970
(Yuan/kw)
Table 3
Unit price of electricity and natural gas.
Natural gas Electricity Electricity
(6:00-21:00) (22:00-5:00)
Unit price (Yuan/kWh) 0.194 0.964 0.435
Table 4
GA parameters.
Variable Value
Population size 80
Evolutionary generations 100
Crossover probability 0.60
Length of genes 10
Mutation probability 0.10
Weights(w = @, = w3) 1/3
Search range
Capacity [0,1000]
Ratio of electric cooling to cool load [0,1]

4. Application
4.1. Building description and energy demands

To apply GA optimization method to determine the capacity of
CCHP system and the ratio of electric cooling to cool load, the base-
line building under consideration is a hypothetical hotel building
in Beijing. The hotel has a floor area of 9400 m? and an average
main ceiling height of 3.6 m. The total area of the windows and
glazing comprises about 30% of the total wall area. The building in-
cludes the guest rooms, office rooms, dinning halls, ballrooms and
divans. The building operates during the entire year. The tempera-
ture setpoint of guest room is 22-24 °C. The hourly energy load of
the building is estimated using the software DeST [39], which is
inputted to calculate the fitness in Fig. 2. Fig. 4 shows the annual
daily cooling, heating and power loads of the hotel. From these
profiles, the following characteristics can be derived:

(1) The daily electricity demand is stable relatively and is gener-
ally less than the heat and cool load;

(2) the daily heat load and cool load both fluctuate more than
the daily electricity demand;

(3) the cool load peak is greater than the heat load peak because
of the hot climate of Beijing;

(4) in spring and autumn, the energy demands for cooling, heat-
ing and power are close.

4.2. Optimization calculation

The characteristic parameters of CCHP system and SP system
are listed in Tables 1-3, which are used to calculate the fitness in
Fig. 2. GA parameters are shown in Table 4. Then the variables
are optimized by GA programming in Fig. 2. During the search,
the genetic operators are important to the GA optimal process

5.43480
5.43470
-
% 5.43460
m
5.43450
5.43440 ) ) ) ) ) ) ) ) )
1 11 21 31 41 51 61 71 81 91 100
Population
Fig. 5. Optimization process of objective function in GA.
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Integrated performance

0O 01 02 03 04 05 06 07 08 09 1

Ratio of electric cooling to cool load

[ PES —3 ATCS 1 CDER — Integrated performance

Fig. 6. PES, ATCS, CDER and the integrated performance of CCHP system for various
ratio of electric cooling to cool load.
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and the calculation convergence. The reproduction adopts the pro-
portional selection method. In order to preserve the feasibility of
offspring generated by crossover, we use the basic one-point cross-
over. The mutation operators are usually used in order to keep the
diversity of individuals, and the mutation of bit-reverse type is
adopted in this paper, which replaces a gene with its allele. Finally,
the optimal values of capacity of PGU and ratio of electric cooling
to cool load are searched by GA as follows:

Fumax = 525 kKW
and
x=053

The two optimal parameters show that the maximum input fuel,
the capacity of PGU of CCHP system is 525 kW (in this paper, it is
assumed that the optimal capacity is just equal to the capacity of
PGU), and 53% of cool load of building is provided by electric chiller
and the remaining cool is provided by absorption chiller in heat
from recovery system or supplementary boiler. The optimal process
of objective function in Eq. (24) is shown in Fig. 5. It can be found
that the objective value remains unchanged after reproducing only
five populations, which shows that the search speed of GA is fast.
Although other optimization methods can also search the optimal
solutions, the methods have their own disadvantages. For example
the simplex method is sensitive to the initial values and the search
is easy to get in the local optimization solution. Compared to other
methods, GA is a valid search method that needs no initial informa-
tion and searches the global optimization solution. GA operates par-
allel from multi-points, and searches heuristically in the solution
area. Consequently, GA overcomes the search blindness and the
search speed of GA is faster than the simplex method. If the initial
values are selected appropriately, the search speed will be faster.

After determining the two optimal values, one of the two
parameters is kept constant and another is an exogenous variable
that varies within the some ranges. The PES, ATCS, CDER and the
integrated performance of CCHP system in comparison to SP are
calculated again and shown in Figs. 6 and 7, respectively.

Fig. 6 shows the performance areas of CCHP system with the
various ratios of electric cooling to cool load when capacity is equal
to 525 kW. It can be seen that the integrated performance, the top
thick black line, is vaulted curve and always positive. The inte-
grated performance increases firstly, then the increasing speed be-
comes slow gradually and reaches the peak, 18.40%, with the
increasing of ratio of electric cooling to cool load when the capacity
is less than 0.53. When the ratio of electric cooling to cool load is
greater than 0.53, the integrated performance begins to decrease.
Similar to the integrated performance, it is found that the three
performances, PES, ATCS and CDER are also vaulted curves with
the increasing of ratio of electric cooling to cool load. The CDER po-

J.-J. Wang et al./Applied Energy 87 (2010) 1325-1335

tential of CCHP system in comparison to SP is the most outstand-
ing. The proportion of ATCS to the integrated performance is the
least. The points shows that the CCHP after optimization of design
and operation can obtain better performances to save primary en-
ergy, decrease cost and reduce CDE than the SP. Especially, CCHP
system is a environment-friendly plant to reduce CDE.

Fig. 7 shows the performance areas of CCHP system with the
various capacities when ratio of electric cooling to cool load is
equal to 0.53. The weighted integrated performance of CCHP sys-
tem is shown in the top thick line. It increases in greater speed,
then slows the increasing speed and reaches the maximum value,
18.40%, at 525kW, and finally decreases gradually with the
increasing of capacity of PGU. Additionally, it can be noted that
all single performances and the integrated performance are nega-
tive when the capacity is less than 84 kW. The reason is that the
parasitic electric energy consumption of CCHP system is more than
that of the SP. When the capacity is little, the benefits from CCHP
system cannot offset the greater parasitic energy consumption.
Therefore, whether the micro-CCHP system with small capacity is
better than the SP is considered in future works.

Similarly, the components of the integrated performance are
analyzed. It can be seen that both of PES and CDER increase firstly,
reach the peak, and then decrease with the increasing of the capac-
ity of PGU. However, the later deceasing scope is very little until
they remain unchanged, which is mainly determined by the heat
demand of building. When the CCHP system operates following
the thermal load, and the heat demand of building is fixed and sat-
isfied, the increasing of capacity is meaningless so that the PES and
CDER won’t change with the capacity.

The trend of ATCS increases firstly, reaches the maximum value,
and then decreases with the increasing of the capacity of CCHP sys-
tem. However, its deceasing speed is more obvious than PES’s and
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Fig. 8. The integrated performance of CCHP system for various capacities and ratio
of electric cooling to cool load.

1 — T 173
| |
|
o 08 [ l——»  savingarea — 1 415 g
206 |1 ! 115 £
g ! | =<}
:g 04 i ! 2/15 “é
202 b1 I s 3
° e i 5
B~ | JAT T T I s
o Ty 2
02 F 4115 =
04 L . . . . . . . . . . . . . . I /15
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
Capacity(kW)
C——1 ATCS [II110 PES [ ] CDER Integrated performance- — — — Criticalline
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CDER’s. When the capacity is more than about 1350 kW, the CCHP
system won'’t save the annual cost because of the excessive capital
cost. Although CCHP system still save the primary energy in com-
parison to the SP, it can not reach the goal of saving the cost for

4.E+05

1331

users. Therefore, the area between 84 kW and 1350 kW is called
saving area. The results indicate that the selection of capacity of
CCHP system in design stage is important to its performance. Only
the CCHP system that yields economical savings, energy savings
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Fig. 9. Monthly electricity from grid, supplementary heat and excess electricity of CCHP systems. (a) Case 1, optimal CCHP system; (b) case 2, CCHP system that only adopts

absorption chiller.
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as well as reducing the emission of pollutants is a good CCHP
system.

To verify the validity of GA optimization in CCHP system, the
integrated performances of CCHP system that simultaneously vary
with the capacity and ratio of electric cooling to cool load are cal-
culated and shown in Fig. 8. It can be found that the integrated per-
formance of CCHP system increases with the increasing of ratio of
electric cooling to cool load at the small capacity. In the middle, the
increasing speed with ratio are different and when the ratio is

0.3
0.2
—‘ O Case 1
— R & Case 2
0.1 A
SR N
W - N
00 N R ‘ N
PES ATCS CDER Integrated
performance

Fig. 11. Comparison of annual PES, ATCS, CDER and integrated performance of
CCHP systems.
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greater than the optimal ratio, 0.53, the integrated performance
begins to decrease with the increasing of ratio of electric cooling
to cool load. From these curves, it can be seen that the integrated
performance at the optimal point is the maximum, which indicates
the effectiveness of GA optimization method. Then the saving area
is searched again and it locates the interval between 178 kW and
695 kWw.

5. Analysis and discussion

Adopted the optimal capacity and ratio of electric cooling to
cool load, the monthly performance of CCHP system providing cool,
heat and electricity to the hotel in Beijing is analyzed. The optimal
CCHP system is called Case 1. An additional CCHP system, Case 2,
where cooling system adopts only absorption chiller and x =0, is
selected to compare the performance of optimal CCHP system.
Other parameters are same as the optimal CCHP system’s and the
operations follow the thermal demand.

The monthly electricity from grid, supplementary heat and
excess electricity of CCHP systems for the hotel are shown in
Fig. 9. The top figure is the optimal CCHP system’s characteristic
and another is the characteristic of Case 2. It can be found that
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Fig. 12. Electricity price sensitivity.
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the supplementary heat from boiler, Fp, in Case 2, is much more
than the optimal CCHP system in summer while the electricity
from grid is just inverse. Additionally, the excess electricity is pro-
duced by Case 2, and it is not allowed to sell back grid so that the
additional energy is exhausted. While the optimal CCHP system
adopts mix chiller, the excess electricity is used to produce cool
by electric chiller. Therefore, there is almost no export electricity,
Out_E in Fig. 9, of the optimal CCHP system in summer, which
saves the primary energy.

Then the performances of CCHP systems are both calculated and
shown in Fig. 10. Fig. 10a and b show the characteristic of Case 1
and Case 2 respectively. It is known that the difference is only in
the seasons when the building needs cool. The trends of PES and
CDER of the two CCHP systems are similar except the ATCS. In
summer, the primary energy consumption of the optimal CCHP
system decreases greatly because of the excess electricity is pro-
vided to produce cool. Consequently, the annual cost and the
CDE of CCHP system are also reduced. The CCHP system that only
employs absorption chiller cannot save primary energy in summer
because of the excess electricity is exhausted. If there are means to
recover or store the excess electricity, the performance of Case 2
will be improved. As a result, the utilization of the excess electric-
ity produced by CCHP system following thermal demand is paid

0.5
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more attention. In addition, the monthly integrated performance
of the optimal CCHP system is more stable than Case 2. The
monthly integrated performance of Case 2 decreases greatly in
summer. Consequently, the buildings needing more cool are paid
more attention and optimized.

The annual PES, ATCS, CDER and integrated performance of two
cases is show in Fig. 11. It can be seen that CDER of CCHP system
occupies the first place in the three aspects, PES follows and ATCS
is the last. However, the economical difference of two CCHP sys-
tems is the most, and PES and CDER follow. The annual integrated
performance of the optimal CCHP system is 6.2% greater than that
of the Case 2.

5.1. Sensitivity analysis

After the optimal design of CCHP system for the building, the
equipments are selected and their capacities remain unchanged.
But the ratio of electric cooling to cool load varies in some ranges
as long as the outputs of equipment are less than their capacities.
Additionally, the prices of electricity from grid and natural gas
determine the operation cost of CCHP system.

This section studies the ideal relationship between operation
cost and the ratio of electric cooling to cool load. Herein, the
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operation cost doesn’t include the maintenance cost. The operation
cost of CCHP system is determined by the electricity consumption
from grid and the on-site natural gas consumption, and their
prices. When the operation strategy of CCHP system is designed,
only operation cost fluctuates with the changes of electricity price
and gas price. Similarly, annual operation cost saving of CCHP sys-
tem in comparison to the SP is defined to analyze the sensitivity. Its
definition is same as ATCS in Eq. (20), and the difference is that the
capital cost in Eq. (18) is not included. All calculations are based on
the design parameters in Section 4.

5.1.1. Electricity price sensitivity analysis

In the optimal design, the electricity prices in Table 3 are se-
lected to determine the optimal economical performance, which
is as the baseline of electricity price. Then the electricity increases
or decreases 10%, 20%, 30% and 40%, respectively. The changes of
the annual operation cost saving with various ratios of electricity
cooling to cool load and electricity prices are displayed in
Fig. 12a. It can be found that the area between increasing 40%
and decreasing 40% presents a horn shape, the left is wider and
the right part is narrower. The maximum annual operation cost
savings in each electricity price are marked as shown the thick
points in Fig. 12a. It is known that the optimal ratio of electric cool-
ing to cool load decreases when the electricity price increases.
When the electricity price increases, the ratio of electric cooling
to cool load is decreased to minimize the operation cost. Then
these optimal points are selected and Fig. 12b is constructed. The
points are fitted to the curve and the fitting function between
the ratio electric cooling to cool load, x, and the increasing of the
electricity, C,, is expressed as follows:

x = —1.1869C; + 4.2619C2 — 5.2915C, + 2.6530 (25)

The function will guide the operation strategy and determine the
ratio of electric cooling to cool load when the electricity price from
grid increases or decreases.

5.1.2. Natural gas price sensitivity analysis

Similarly, the sensitivity analysis of gas price is shown in
Fig. 13a. The shape is similar to the electricity price sensitivity.
However, it is seen that the relationship between annual operation
cost saving and gas price is contrary to the electricity price and
they are proportional. When the gas price increases, the ratio of
electric cooling to cool load is increased to achieve more benefits
from CCHP system in comparison to SP. In the same way, the opti-
mal annual operation cost savings are selected to form to Fig. 13b.
The fitting linear function is written to:

x=0.3817C; + 0.0639 (26)

where Cyis the cost of natural gas.

Compared to the non-linear function in Eq. (25), the ratio of
electric cooling to cool load is less sensitive to the gas price. There-
fore, when the price of electricity from grid is changed and the ra-
tio of electric cooling to cool load is paid more attention.

6. Conclusion

GA has been employed to optimize the capacity and operation
strategy of CCHP system on the basis of energy flow. Optimal val-
ues of equipment capacities have been determined in considering
operational strategy. Through a numerical example of CCHP sys-
tem for a hotel building in Beijing, the effectiveness of the pro-
posed method has been demonstrated. The optimal analysis in
this paper leads to the following conclusions:

The integrated performance of CCHP system increases firstly,
then the increasing speed becomes slow gradually and reaches

the peak, and finally decreases with the increasing of the capacity
and the ratio of electric cooling to cool load, respectively. The PES
and CDER of CCHP system in comparison to SP system finally keep
the limited value, while the ATCS will decrease all along with the
capacity and ratio.

The CCHP system for the building that demands more heat or
cool than electricity operates following the thermal demand and
the excess electricity is usually produced. The mixed cooling sys-
tem is adopted to reduce the exhaust of excess electricity. The opti-
mal ratio of electric cooling to cool load is helpful to improve the
integrated performances of CCHP system from technology, econ-
omy and environment in summer.

When the price of the electricity from grid or natural gas in-
creases, the design value of the ratio of electric cooling to cool load
can decrease or increase respectively as long as the outputs of
equipments are less than their capacities. The impact of the opti-
mal ratio by the change of electricity price is greater than that of
the gas price.

Although the optimization of design and operation strategy is
based on the energy demands of a specific building, and there
are some assumptions such as the exhaust of the excess electricity,
the optimal method can be applied in CCHP systems with different
prime movers for different buildings. It is believed that if this pro-
cedure is applied correctly and in combination with other ele-
ments, such as energy analysis of buildings and the running
efficiency of equipments, it can become a powerful and effective
tool for the fundamental design of CCHP systems.
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