
Research Article
A Birandom Chance-Constrained Linear ProgrammingModel for
CCHP System Operation Management: A Case Study of Hotel in
Shanghai, China

Zhe Bao,1,2 Ye Xu ,1,2 Wei Li,1,2 Xu Wang,1 Meng R. Li,1,2 Ji H. Li,1 and Han S. Yang1

1MOE Key Laboratory of Regional Energy and Environmental Systems Optimization,
College of Environmental Science and Engineering, North China Electric Power University, Beijing 102206, China
2Beijing Key Laboratory of Demand Side Multi-Energy Carriers Optimization and Interaction Technique, Beijing 100192, China

Correspondence should be addressed to Ye Xu; xuye@ncepu.edu.cn

Received 12 August 2020; Revised 2 October 2020; Accepted 30 October 2020; Published 19 November 2020

Academic Editor: Xander Wang

Copyright © 2020 Zhe Bao et al.(is is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Due to its capability to reduce fuel consumption and increase energy efficiency, the combined cooling, heating, and power
(CCHP) system has obtained great concern during the last decade. A large number of deterministic and stochastic optimization
models were proposed for supporting the operation management of the CCHP system, but few studies noticed that users’
demands in the real world may be subjected to twofold randomness with incomplete or uncertain information. In this study, a
birandom chance-constrained linear programming (BCCLP) model is developed for identifying optimal operation strategies
under random uncertainties. Compared with traditional stochastic programming models, the BCCLP model made the im-
provement through describing the energy demands as the birandom variables firstly, instead of traditional random variables. (is
way effectively avoided potential imbalance between energy supply and demand caused by oversimplified expression of uncertain
parameters. A gas-fired CCHP system of a hotel in Shanghai, China, was used as a study case for demonstration. A variety of
operation strategies are obtained under specific constraints-satisfaction conditions. It is concluded that the BCCLP model was
capable of generating the cost-effective operation strategies and evaluating the tradeoffs between system economy and reliability.
(e influence imposed by some critical parameters on the system performance was examined through the sensitivity analysis,
which provided the important guidance to the design and operational management of other similar CCHP systems in the future.

1. Introduction

Nowadays, with the rapid improvement of socioeconomic
development, industrialization, and urbanization, the elec-
tricity and energy requirements were increased at a fast rate
in China.(e State Grid Energy Research Institute projected
the increases in electricity and energy demands from 148
billion MWh and 126 billion MJ in 2018 to 226 billion MWh
and 151 billion MJ in 2035 (growth at two rates of 52.7% and
19.8% approximately, resp.). As the main energy form for
power generation, the utilization of fossil fuels was ac-
companied by a large number of pollutants (i.e., nitric
oxides, carbon dioxide, and sulfur oxides), which led to
global warming and brought serious pressure on ecosystem
protection and human health [1, 2]. According to the 2016

BP Statistical Review of World Energy, China’s energy
structure has changed in recent years [3]. (e proportion of
coal consumption has slightly decreased from 69.8% (in
2012) to 61.47% (in 2016), while the proportion of nonfossil
energy consumption, such as natural gas, has increased from
14.5% to 19.7%. From the above, it is foreseeable that, in
order to reduce coal consumption and promote nonfossil
energy development, a low-carbon diversified energy
structure would be formed in the future, where the natural
gas would play an important role.

Traditional energy-supply modes provided most of the
electricity, heat, and cool quantity in large centralized fa-
cilities. However, the long-distance transmission network of
these plants would cause electrical and thermal loss;
meanwhile, the existence of direct discharged and unutilized
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waste heat would reduce the energy-utilization efficiency [4].
With these premises, the distributed energy-supply modes
with the cascade utilization of clean energy were favorable to
realize the environment protection and sustainable devel-
opment. Currently, the gas-fired CCHP (combined cooling,
heating, and power) puts into use in electricity and energy
supply extensively, particularly on a small-scale basis. Gas-
fired CCHP system has the immense benefits; for example,
(i) the operational pattern based on cascade utilization of
clean energy has the ability to meet the electricity demand by
the aid of GT (gas turbines) or ICE (internal-combustion
engines) and simultaneously provide the cold and heat
energy through recovering waste heat, while maintaining the
high efficiency, keeping the high stability, and producing the
minimal greenhouse gas and air pollutant emissions; (ii) as a
typical distributed energy system, the properties including
short-distance transmission, small physical size, and small-
capacity modules were useful in reducing the electricity and
energy loss in the transmission system, without the limi-
tations in the government regulation, utility territory, and
land availability; (iii) it had strong adaptability for various
buildings, such as baseload generation, emergency backup,
and peak/load shaving for industrial parks, university towns,
airports, residential buildings, commercial buildings, and
office buildings. Generally, a gas-fired CCHP system has
strong advantages in protecting the atmospheric environ-
ment, improving energy efficiency, and realizing the cost
savings. (erefore, its development prospect was expected
[5, 6].

In recent years, the gas-fired CCHP system has obtained
great concern in China [7]. In 2011, the National Devel-
opment and ReformCommission, Ministry of Finance of the
People’s Republic of China, Ministry of Housing and Urban-
Rural Development of the People’s Republic of China and
National Energy Administration issued the policy “guidance
for NG distributed energy resources development” for
promoting the utilization of natural gas resources and re-
ducing the fuel consumption. Up to now, as a promising
way, the practices of CCHP system for electricity and energy
supply are presently spreading quickly in China, especially in
the major cities such as Beijing, Shanghai, Tianjin, and
Guangzhou, with a highly developed economy and strong
dependence on the energy resources. For example, Shanghai
Pudong International Airport had a projected CCHP system
to generate combined cooling, heating, and electricity for
meeting the airport’s requirements. Beijing Olympics En-
ergy Exhibition Center gas-fired CCHP system was estab-
lished to provide all the air-conditioning, heating, domestic
hot water, and part of power supply for the large-scale
building, including National Stadium, National Aquatics
Center, and the Information Building. As so far, the installed
capacity of CCHP system has reached 50 million kW in
China.

(e practical applications demonstrated that the per-
formances of CCHP systems were strongly influenced by the
operational strategy. It is thus necessary to determine the
optimal operational strategy of CCHP system for ensuring
the high system efficiency and low pollutant emission. In
general, there were usually two basic operation strategies for

CCHP systems: following the electric load (FEL) and fol-
lowing the thermal load (FTL), respectively. Some re-
searchers have investigated the operation of CCHP systems
under these two operation strategies [8–11]. For example,
Mago et al. selected the CCHP and combined heat and
power (CHP) systems as the studied targets and analyzed the
economic and environmental benefits under various con-
ditions following different operation strategies [8]. Results
showed that the systems based on FTL performed better than
those based on FEL. Mago and Hueffed presented the
comprehensive benefits of a turbine-driven CCHP system
with three different operation strategies, that is, FEL, FTL,
and following seasonal strategy (FSS), respectively [10].
Comparison results demonstrated the advancements of the
above three strategies, where average reductions of the
system cost, primary energy consumption, and greenhouse
gas emissions reached 2.6%, 12.1%, and 40.6%, respectively.
Wang et al. analyzed the performance of CCHP system
under two operational strategies [11]. It is concluded that
greenhouse gas emissions and system cost under the FEL
strategy were higher than FTL strategy; correspondingly, the
advantage of the FTL strategy was reflected in the primary
energy consumption index. From the abovementioned, each
of the operational strategies has different strengths and
weaknesses. FLT has the advantages in the reduction of
energy consumption and the increase in energy-supply re-
liability. For gas-fired CCHP system, the energy-utilization
efficiency and energy provision quality will directly affect the
system’s performance. It is necessary to develop an opera-
tional strategy of CCHP system which realized the high
efficiency and sufficient reliability of energy supply and
ensured that the users’ demands were satisfied. (erefore,
the gas-fired CCHP system under FTL strategy was expected.

(e design and execution of the optimal operational
strategy of CCHP systems were capable of realizing the
maximization in total system revenues and thus have been
the focus of many studies [12–20]. For instance, Abdollahi
and Sayyaadi developed a multiobjective optimization
model for realizing the energy-saving, economic, and en-
vironmental benefits of small-scale CCHP system [12]. Li
et al. formulated an optimization model of the CCHP system
aiming to improve the energy-utilization efficiency and
economic benefit [14]. Yang and Zhai proposed the nu-
merical model to generate optimal operation strategy of
integration of CCHP system and solar thermal utilization
[19]. As mentioned above, traditional deterministic opti-
mization models have provided strong technical support for
the system configuration and strategy generation, which
were helpful in reducing the primary energy consumption,
energy cost, emissions, and realizing the improvement in the
system performance. However, some limitations in their
extensive applications were unavoidable due to the existence
of intrinsic and human-induced uncertainties (including the
volatility in electric and thermal loads, the fluctuations in the
price of electricity, and natural gas as well as the perfor-
mance of the system equipment) in the CCHP system.
Specifically, the electric and thermal loads are mostly pre-
sented as the random nature due to the disturbance of
external meteorological factors and the deviation caused by
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human’ subjective judgments and understandings. (e price
of electricity and natural gas was influenced by the resources’
availability and policy regulations and suitable to describe as
the interval values, instead of fixed values. (e performance
of the system equipment mainly depended on their service
time and the operational manner of staff and exhibited
uncertain characteristics. Such uncertainties would bring
significant difficulties to the formulation of CCHP man-
agement models and generation of effective operational
strategies. It is thus desired that effective uncertain opti-
mization models be advanced.

Currently, a number of inexact optimization methods
have been widely applied in the energy system [21–31]. For
instance, Ersoz and Colak developed four stochastic simu-
lation methods for evaluating the investment feasibility of
the CCHP system, including the parametric method, the
Monte-Carlo method, the historical trend method, and the
scenario-based method [22]. Ji et al. proposed a stochastic
robust optimizationmethod in CCHP system under random
uncertainties [24]. Marino et al. proposed a two-stage sto-
chastic collaborative decision model for supporting energy
exchange for a CCHP system [25]. From the above, it can be
seen that most researchers focused on dealing with the
randomness in electric and thermal demands. (at is be-
cause, compared with other uncertain variables, it will have a
significant influence on energy provision pattern, which are
the prominent goals of CCHP system. However, the above
discussions about electric and thermal energy demands are
mainly regarded as the random variables with a known
distribution type as well as fixed distribution parameters.
Few studies noticed that electric and thermal energy de-
mands in the real world may be subjected to twofold ran-
domness. In detail, it is widely accepted that electric and
thermal energy demands are normally distributed random
variable N (μ, σ2) from the viewpoint of probability theory,
where μ and σ represent the mean value and standard de-
viation, respectively. In fact, μ and σ are identified by various
respondents with specific background and preference and
may exhibit uncertain characteristics. Specifically, it is first
assumed that the energy demands ξ are expressed as the
random variables with the normal distributions (i.e., ξ∼N (μ,
δ2), where μ and δ denote the mean value and standard
deviation, respectively. Based on various survey and esti-
mation results from n group of respondents, n groups of
random variables could be obtained (i.e., (μ1, δ21), (μ2, δ22), . . .,
(μn, δ2n), such that the μ and δ values are more suitable to be
random variables (as based on the collected data above)
rather than fixed values as are traditional random variables.
(erefore, the term of μ and σ will become new random
variables and electric and thermal energy demands will not
be considered to be conventional random variables but the
so-called birandom variables, a concept first proposed by
Peng and Liu [32]. (is concept has been integrated with
some inexact multiobjective optimization models and suc-
cessfully applied to the flow shop scheduling problem, the
vendors’ selection problem, and the hydropower station
operation planning problem [33–35]. (erefore, as the first
attempt in the related field, this study is to develop a bir-
andom chance-constrained linear programming (BCCLP)

model for generating the operational strategies of gas-fired
CCHP systems, where the electricity demands and thermal
energy demands will be considered as the birandom vari-
ables. A gas-fired CCHP system of a five-star hotel in
Shanghai Pudong New Area, China, was used as a study case
for demonstration.

(e rest of this paper is organized as follows: Section 2
provides an overview of the reference hotel and its energy
source and the gas-fired CCHP system, including the load
characteristics of the hotel and main components and op-
erational framework of CCHP system. In Section 3, the
BCCLPmodel for gas-fired CCHP systems is formulated and
solved based on the primitive chance measure method.
Section 4 analyzes the solutions generated from BCCLP
model and discusses the sensitivity of critical system pa-
rameters. Some meaningful conclusions are summarized in
Section 5.

2. Case Study

2.1. Load Characteristics of the Targeted Hotel. To demon-
strate the advancement of the proposed optimization model
in generating cost-effective and reliable operation strategies
for the gas-fired CCHP system, a five-star hotel in Shanghai,
China, was selected for this study. (is hotel with a height of
90m and a total area of 8×104m2 approximately is located
in Pudong district, one of the most prosperous areas in
Shanghai with a total GDP of 1046 billion dollars in 2018.
(erefore, the average occupancy rate of this hotel is always
maintained at almost more than 80 percent all year. To
ensure the high service quality and realize the maximization
of economic benefits, the energy-supply security is critical
for the long-term development of this hotel.

Figure 1 demonstrates the load characteristics of this
hotel, where average monthly electric, cooling, and heating
loads are shown in Figure 1(a). Obviously, the cooling and
heating loads own remarkable variation trends, where the
cooling loads from May to October are much larger than
those of other months.(e heating loads mainly focus on the
months of December to February. It is noteworthy that
although the monthly mean temperature in January is the
lowest, being 1.9°C, nevertheless, the heating demands in
January are limited. (at is because Chinese New Year
usually happens in January, leading to a reduction in the
number of customers. Compared with the cooling and
heating loads, the electricity demands are relatively con-
sistent throughout the year. (e average hourly electric,
cooling, and heating loads for this building in a typical day
are reflected in Figure 1(b). It is shown that the variation in
average hourly electric loads in both summer and winter is
synchronous with the design of local step tariff, which is
divided into three periods, as peak period (8:00–11:00 and
18:00–21:00), flat period (6:00–8:00, 11:00–18:00, and 21:00-
22:00), and valley period (22:00–6:00). Meanwhile, the shifts
in outdoor temperature have an obvious influence on the
heating and cooling loads. Specifically, the heating loads are
very large in winter, being in a range of 4866.01 to
16474.03 kW, while being relatively lower in summer from
49.85 to 1052.53 kW; the cooling loads are higher in summer
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with 3712.71 to 23751.53 kW than that in winter from 12.94
to 818.71 kW. As mentioned above, the changes in outdoor
temperature and electricity price have obvious influences on
the heating, cooling, and electric loads, where the loads
exhibited obvious variation trends. (erefore, it is essential
for the CCHP system to identify accurate energy demands in
order to generate a reasonable and feasible schedule strategy.
In this study, the energy demands were described as the
birandom variables (as depicted in Section 3) for reflecting
their dynamic variation characteristics.

2.2. 6e Configuration and Operational Mechanism of the
CCHPSystem. (e schematic diagram of the gas-fired CCHP
system is shown in Figure 2. (e gas-fired CCHP system is
composed of many modules, including a gas turbine (GT)
with a total rated capacity of 6MW, unfired dual pressure
natural circulation heat recovery steam generators (HRSG),
auxiliary boiler (AB), absorption chillers (AC), heat exchanger
(HE), and electrical chillers (EC).

(e operational framework of CCHP system is described as
follows: firstly, the gas-fired turbine burns the natural gas and
generates the electricity and high-temperature flue gas. Secondly,
the high-temperature flue gas, produced as a byproduct and
recovered by HRSG, is utilized by the AC or HE for meeting
cooling and heating demands. It is regulated that if GT is in-
capable of supplying enough electricity or byproduct heat, ad-
ditional electricity and fuel need to be purchased to compensate
for meeting users’ requirements. Next, it is designed that the
insufficient cooling load is satisfied by EC based on the electricity
generated by GT in priority or purchased from the grid. As for
the unsatisfied heating load, it is provided by the AB through
burning the natural gas. Finally, the gas-fired CCHP system is
connected to the public supply network. It is regulated that the
unsatisfactory electricity loads are purchased from the public
power grid; nevertheless, the surplus electricity provided by the
CCHP system is unavailable for the public power grid. (is is
because the transmission of excess electricity to the power grid
will lead to the voltage flicker and short-circuit current, which
affect the security and reliability of the power grid.
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Figure 1: Electrical, cooling, and heating load of the hotel. (a) Average monthly load curves; (b) typical daily load curves over three seasons.
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2.3. 6e Main Problems Associated with the CCHP System.
As demonstrated [36], compared with traditional energy-
supply pattern, CCHP system is capable of improving the
overall efficiency, where less primary fuel is consumed to
generate the same amount of electricity and thermal energy.
However, there are still some problems which should be
solved at this stage. (i) (e mode at FTL operation strategy
caused the surplus electricity, which accounted for 10% of
the total electricity quantity among a year. It reached the
highest value in winter, being 18%. (ii) (e intrinsic un-
certainties are associated with the gas-fired CCHP system,
such as the volatility in electric and thermal loads, the
fluctuations in the price of electricity and natural gas, and the
unstable nature of equipment performance. (e oversim-
plification in those uncertainties may affect the accuracy and
rationality of the designed operational strategy. (iii) (e site
survey results indicated that the overall efficiency of the
CCHP system is approximately 72%, which means that there
still would be some improvement spaces in the system ef-
ficiency. It is thus expected to formulate an optimization
model under random uncertainty, aiming to generate the
cost-effective operational strategy of targeted gas-fired
CCHP system.

3. The Operation Optimization Model of the
Targeted CCHP System

3.1. Formulation of the BCCLP Model for the CCHP System.
In this research, a BCCLP model was formulated for real-
izing the minimal system cost, improving the energy-utili-
zation efficiency, and dealing with the uncertainties in the
system. (e model objective is to minimize operating cost
andmaintenance cost of the CCHP system; correspondingly,
the constraints include the supply balance of electricity,
heating, and cooling and operational limitations of system
equipment, as well as nonnegative constraints.

Objective function:

minimizef � f1 + f2, (1a)

f1 � Cng 

T

t�1
ngt(t) + ngb(t) + Celec 

T

t�1
Esg(t), (1b)

f2 � CGT 

T

t�1
EGT(t) + CB 

T

t�1
QB(t) + CAC 

T

t�1
CA(t)

+ CEC 

T

t�1
CE(t),

(1c)

where f1 is the total operational cost of the CCHP system in
period t (RMB); f2 is the total maintenance cost of the CCHP
system in period t (RMB); t is the index of time period; Cng
(t) is the natural gas price in period t (RMB/m3); Celec (t) is
the electricity price in period t (RMB/kWh); ngt(t) is the
natural gas consumption of the gas turbine in period t (m3);
ngb(t) is the natural gas consumption of the auxiliary boiler
in period t (m3); Esg(t) is the electricity purchased from the
power grid in period t (kWh); CGT is the maintenance cost of
the gas turbine (RMB/kWh); CB is the maintenance cost of
the auxiliary boiler (RMB/MJ); CAC is the maintenance cost
of the absorption chiller (RMB/MJ); CEC is the maintenance
cost of the electricity chiller (RMB/MJ); Esg(t) is purchased
electricity from local grid in period t (kWh); EGT(t) is the
electricity generated from the gas turbine in period t (kW);
QB (t) is the quantity of heat sourced from the auxiliary
boiler in period t (MJ); CA(t) is the quantity of cool provided
by the absorption chiller in period t (MJ); CE(t) is the
quantity of cool sourced from the electrical chiller in period t
(MJ). As demonstrated in the objective function (1a)–(1c),
equation (1b) was established for calculating the total op-
erational costs of the CCHP system, where they are com-
posed of two parts, that is, the purchasing costs of electricity
and the combustion costs of natural gas, respectively.
Equation (1c) was the function for describing the total
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maintenance costs of the CCHP system, which include the
maintenance costs of gas turbine, absorption chillers,
electrical chillers, and auxiliary boiler, respectively. (e
decision variables mainly include ngt (t), ngb (t), Esg (t), EGT
(t), QB (t), CA (t), and CE (t), respectively.

Subject to the following,

(i) Electricity balance:

ESG(t) + EGT′(t)≥E(t), (1d)

EGT(t) � ngt(t)Hngηpeηte, (1e)

EGT′(t) � EGT(t) − EEC(t), (1f)

EEC(t) �
CE(t)

COPEC
, (1g)

where EGT′ (t) is the electricity output sourced from
the gas turbine in period t (kWh); E(t) is the
electricity load demand of the building in period t
(kWh); Hng is the low calorific value of natural gas
(MJ/m3); ηpe is the electrical efficiency of the gas
turbine; ηte is the thermal efficiency of the gas
turbine; EEC (t) is the electricity consumption for
the electrical chillers in period t (kWh); CE (t) is the
quantity of cool generated from the electrical
chillers in period t (MJ); COPEC is the COP (co-
efficient of performance) value of the electrical
chillers. Constraint (1d) regulated that the sum-
mation of generated and purchased electricity must
be greater than or equal to practical demand in
period t. Constraints (1e)–(1g) described how to
calculate the electricity flow of the entire CCHP
system in period t.

(ii) Heat balance:

QH (t) + QB (t) � HQ (t), (1h)

QH (t) � UST (t)θ (t)ηoeh, (1i)

ST (t) �
ET (t) 1 − ηte( 

ηpeηte
, (1j)

QB (t) � ngb (t)ηcebHng, (1k)

0≤UST (t)≤ 1, (1l)

where QH (t) is the heat output sourced from the
heat exchange in period t (MJ); QB (t) is the heat
output generated by the auxiliary boiler in period t
(MJ); HQ(t) is the heating demand of the building
in period t (MJ);UST (t) is the recovery waste heat of
the CCHP system in period t (MJ); θ (t) is the

proportion of the recovery waste heat allocated to
the heat exchanger in period t; ηoeh is exhaust heat
exchanger efficiency; ηceb is the auxiliary boiler
efficiency. Constraint (1f ) required that the supplied
heating amount must be equal to practical demand
in period t. Constraints (1g)–(1i) define the heating
power from heat exchanger and auxiliary boiler in
period t, respectively. Constraint (1j) ensured that
the value UST (t) belongs the [0, 1] range.

(iii) Cool balance:

CA(t) + CE(t) � C(t), (1m)

CA(t) � ST(t) 1 − UST(t)( ηhrerCOPAC,

(1n)

where C(t) is the cooling demand in period t (MJ);
ηhrer is the heat efficiency of the absorption chillers;
COPAc is the COP (coefficient of performance) of
the absorption chillers. Constraint (1k) was the
function of the amount of total cooling supply that
must be equal to the practical demand. Constraint
(1l) restricted the cooling power from the absorption
chillers in period t.

(iv) Other constraints:

0≤ET(t)≤ETMax, (1o)

0≤QH(t)≤QHMax, (1p)

0≤QB(t)≤QBMax, (1q)

0≤CA(t)≤CAMax, (1r)

0≤CE(t)≤CEMax, (1s)

where ETMax is the maximum generation power of the gas
turbine (kW); QH Max is the maximum generation power of
the heat exchanger (MJ); QB Max is the maximum generation
power of the auxiliary boiler (MJ); CA Max is the maximum
generation power of the absorption chiller (MJ);CE Max is the
maximum generation power of the electrical chiller (MJ).
Constraints (1m) to (1q) denoted that energy generated from
relevant facilities must not exceed their generation capacity
limits.

In this study, the BCCLP model was solved by the
commercial software LINGO 12.0, which is a powerful tool
to assist in formulating and solving the optimizationmodels.
(e previous studies have demonstrated that LINGO is
advantageous in tackling the energy and environmental
management issues faster and simpler due to its easy-to-edit
language and low computational burden [24, 37]. (is is the
reason why it was explored to support the operation
management of CCHP system in this research.(e hardware
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setting for running LINGO in this study is listed as follows:
(1) Operation System:MicrosoftWindows 10; (2) CPU: Intel
(R) Core (TM) i5-cc60U @ 3.20GHz 3.20GHz; (3) RAM:
4GB.

3.2. Data Information. (e parameters involved in the
BCCLP model are divided into two types, including the
parameters associated with the CCHP system and the pa-
rameters related to the users, respectively.

3.2.1. CCHP System Parameters. Based on on-site survey,
the regulations released by the electricity authority, Shanghai
Statistics Bureau, and Shanghai Statistics yearbook, the
economic and technical parameters of CCHP system are
identified and reflected in Table 1. (e electricity price is
divided into three levels, being 0.333 RMB/kWh at the valley
time, 0.653 RMB/kWh at the flat time, and 1.104 RMB/kWh
at the peak time, respectively. As for the natural gas price, it
mainly depended on the market. Moreover, it is found that
the maintenance costs and technical parameters of system
facilities are stable relatively and thus are assumed to be
deterministic values.

3.2.2. Energy-Demand Parameters. According to the on-site
survey results, historical data record (from 2010 to 2018), the
energy-demand parameters, including the electricity, heat-
ing, and cooling demands, are provided in Table 2. In this
CCHP system, as described in the “Introduction” section,
the energy requirements are affected by many factors, such
as the population, production scale, and local meteorological
condition, leading to the large variation range. (erefore,
they are designed as the birandom variables with normal
probability distribution.

3.3.6e Solution Algorithm of the Formulated BCCLPModel.
Based on the equilibrium chance-constrained measure
proposed by (Peng and Liu, 2007), the constraints which
included birandom parameters can be transformed to their
equivalent deterministic forms as follows:

A(ω)X≤B(ω)⟺Che
A(ω)X≤B(ω){ }≥ 1 − αr

⟺Pr ω ∈ Ω|Pr A(ω)X≤B(ω){ }≥ 1 − αr ≥ 1 − αr

⟺ μAX − Φ−1 αr( 

���������������

(X)
TσAX + σB( 

2


− Φ−1 αr( 

����������������

(X)
TσA′X + σB′( 

2


≤ μB, ∀r,

(2a)

D(ω)X≥ E(ω)

⟺Che
D(ω)X≥E(ω){ }≥ 1 − αr

⟺Pr ω ∈ Ω|Pr D(ω)X≥E(ω){ }≥ 1 − αr 

≥ 1 − αr

⟺μDX +Φ−1 αr( 

���������������

(X)
TσDX + σE( 

2


+Φ−1 αr( 

����������������

(X)
TσD′X + σE′( 

2


≥ μE, ∀r,

(2b)

where Che ·{ } denotes the primitive chance of birandom
event ·{ }; αr is a given level for birandom constraint (i.e., the
significance level, which represents the admissible risk of
constraint violation), which implies that the constraint
should be satisfied with at least a probability level of 1− αr. αr
is a predetermined violation level for the birandom con-
straint (i.e., the admissible risk of constraint violation),
which implies that the constraint should be satisfied with at
least a probability level of 1− αr. (e design principle of αr
value is that its range is wide as possible. (e principle of
designing the αr value is ensuring its ranges are wide enough.
In order to generate a variety of decision alternatives and
provide more choosing opportunities to decision makers, a
relatively wide range of designed parameter is necessary.
Various α values are helpful for investigating the risks caused
by demand-constraint violation, generating desired solu-
tions of electricity and energy supply, and useful for man-
agers in gaining insight into tradeoff between system cost
and constraint-violation risk. φ is the standard normal
distribution. According to inequations (2a) and (2b), model
(1) can be converted into the corresponding deterministic
model, where constraints (1c), (1i), and (1n) can be trans-
formed as follows:

ESG(t) + EGT′(t)≥E(t)⇔Che
E(t)|ESG(t) + EGT′(t)≥E(t) ≥ 1 − αr, (3a)

QH(t) + QB(t)≥HQ(t)⇔Che
HQ(t)|QH(t) + QB(t)≥HQ(t) ≥ 1 − αr, (3b)

CA(t) + CE(t)≥C(t)⇔Che
C(t)|CA(t) + CE(t)≥C(t) ≥ 1 − αr. (3c)

Finally, the solutions of the BCCLP model were obtained,
that is, fopt, ngt (t)opt, ngb (t)opt, ESG (t)opt, EGT (t)opt,QB (t)opt,CA
(t)opt, and CE (t)opt, respectively. (e procedures of formulating
and solving BCCLP model are summarized as follows:

Step 1. Collect system data and identify uncertain
variables as the birandom variables.
Step 2. Determine the objective function and con-
straints in the proposed BCCLP model.
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Step 3. Formulate a BCCLP model based on steps 1 and
2.
Step 4. Establish the operation optimization model
for the gas-fired CCHP system based on BCCLP
model.
Step 5. Convert birandom constraints into their re-
spective deterministic equivalents based on equilibrium
chance-constrained measure.
Step 6. Solve BCCLP model and generate the final
solutions of objective values and decision variables
under various conditions.

4. Result Analysis and Discussion

4.1. Result Analysis. (e BCCLP model was developed for
determining the optimal operation strategies of the gas-fired
CCHP system to manage the energy (including electricity,

heating, and cooling) flow reasonably and achieve theminimum
cost. (erefore, this section is categorized into four groups: (i)
cooling-supply system, (ii) heating-supply system, (iii) elec-
tricity-supply system, and (iv) system cost, respectively.

4.1.1. Cooling-Supply System. In order to minimize the
operating and maintenance costs, the selection of operation
strategies in the cooling-supply system (including absorp-
tion chillers and electrical chillers) is closely connected to
operating efficiency and costs but also to the α value. Table 3
provides the operational strategies and resource consump-
tion of the CCHP system under different α levels in the
typical days of three seasons (i.e., winter, summer, and
transition). As shown in Table 3, various α values will result
in different operation strategies and schedule pattern. Firstly,
the quantity of cooling sourced from both AC and EC

Table 1: Part of CCHP system parameters.

Parameters Value
Major economic parameters
Maintenance cost of gas turbine 0.03 RMB/kWh
Maintenance cost of absorption chiller 0.0002 RMB/MJ
Maintenance cost of auxiliary boiler 0.0006 RMB/MJ
Maintenance cost of electricity chiller 0.0005 RMB/MJ
Electricity price in peak period 1.104 RMB/kWh
Electricity price in flat period 0.653 RMB/kWh
Electricity price in valley period 0.333 RMB/kWh
Natural gas prices 2.32 RMB/m3

Major technical parameters
Efficiency of exhaust heat exchanger 0.776
Electrical efficiency of gas turbine 0.8
(ermal efficiency of gas turbine 0.18
Efficiency of auxiliary boiler 0.85
Recovery waste heat efficiency of the absorption chillers 0.695
Low calorific value of natural gas 35.175MJ/m3

Rated COP of absorption chiller 1.2
Rated COP of electric chiller 4.45

Table 2: Part of energy-demand parameters.

Parameter Time (hour)
Probability distribution

Winter Transition Summer

Electricity demand

0 N∼(μ, 17.47) μ∼(957.59, 12.32) N∼(μ, 18.92) μ∼(1144.73, 13.28) N∼(μ, 21.26) μ∼(1483.59, 14.84)
5 N∼(μ, 16.30) μ∼(818.24, 11.53) N∼(μ, 18.46) μ∼(1084.25, 12.98) N∼(μ, 20.27) μ∼(1335.76, 14.18)
10 N∼(μ, 22.79) μ∼(1729.39, 15.86) N∼(μ, 25.19) μ∼(2151.23, 17.46) N∼(μ, 28.12) μ∼(2729.59, 19.42)
15 N∼(μ, 24.08) μ∼(1950.92, 16.72) N∼(μ, 26.06) μ∼(2315.38, 18.04) N∼(μ, 28.47) μ∼(2803.50, 19.65)
20 N∼(μ, 22.86) μ∼(1740.10, 15.90) N∼(μ, 25.10) μ∼(2133.95, 17.40) N∼(μ, 26.72) μ∼(2444.49, 18.48)

Cooling demand

0 N∼(μ, 3.45) μ∼(8.36, 2.96) N∼(μ, 12.17) μ∼(414.07, 8.78) N∼(μ, 42.04) μ∼(6412.24, 28.69)
5 N∼(μ, 3.45) μ∼(8.36, 2.96) N∼(μ, 8.85) μ∼(187.62, 6.57) N∼(μ, 32.41) μ∼(3699.37, 22.27)
10 N∼(μ, 12.17) μ∼(413.80, 8.78) N∼(μ, 29.22) μ∼(2963.16, 20.14) N∼(μ, 51.73) μ∼(9892.39, 35.15)
15 N∼(μ, 13.14) μ∼(496.56, 9.43) N∼(μ, 34.99) μ∼(4354.16, 24.00) N∼(μ, 68.68) μ∼(17784.38, 46.45)
20 N∼(μ, 14.54) μ∼(629.47, 10.36) N∼(μ, 34.65) μ∼(4263.59, 23.77) N∼(μ, 70.70) μ∼(18880.49, 47.80)

Heating demand

0 N∼(μ, 43.78) μ∼(6982.48, 29.85) N∼(μ, 27.36) μ∼(2572.12, 18.91) N∼(μ, 10.32) μ∼(277.22, 7.55)
5 N∼(μ, 43.63) μ∼(6931.14, 29.75) N∼(μ, 22.42) μ∼(1668.22, 15.61) N∼(μ, 10.27) μ∼(273.73, 7.51)
10 N∼(μ, 57.68) μ∼(12399.04, 39.12) N∼(μ, 29.44) μ∼(3010.78, 20.29) N∼(μ, 13.46) μ∼(525.32, 9.64)
15 N∼(μ, 58.82) μ∼(12912.45, 39.88) N∼(μ, 30.59) μ∼(3269.98, 21.06) N∼(μ, 12.72) μ∼(460.09, 9.15)
20 N∼(μ, 58.93) μ∼(12963.79, 39.95) N∼(μ, 31.72) μ∼(3462.72, 21.61) N∼(μ, 17.80) μ∼(998.23, 12.53)
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decreases with the increase in α value. For example, when α
increases from 0.01 to 0.1, the cooling magnitude provided
by AC at three seasons (i.e., winter, transition, and summer)
was reduced, being from 8.53×103, 63.13×103, and
235.84×103MJ to 8.43×103, 62.96×103, and
235.60×103MJ, respectively; similarly, the quantity of
cooling supplied by EC would decrease to 0.10×103,
2.01× 103, and 38.83×103MJ from 0.13×103, 2.06×103, and
38.93×103MJ, respectively. (is is due to the fact that the
low α value corresponds to the high cooling requirement,
leading to the high cooling output. Conversely, the high α
value was associated with the low cooling demand, which
was accompanied by the low cooling-generation amount.

In fact, other factors, including economic parameters
and operational mechanism, also exert some influences on
the operational strategies. Figure 3(a) shows the optimal
operation strategy of the cooling-supply system during
the typical days over three seasons. Figure 3(b) demon-
strates the solutions of cooling-supply amounts of two
facilities and their respective proportions during every
month. According to Figure 3(a), the cooling demand is
satisfied by the electric chiller at valley time (22:00–6:00);
conversely, the absorption chiller is under full-load state
during peak time (8:00–11:00; 18:00–22:00) and flat time
(6:00–8:00; 11:00–18:00). (is is because the change in the
electricity price has an obvious influence on the operation
strategies of the cooling-supply system, where the elec-
tricity price was divided into three levels. Such a change
would lead to the various options of candidate equipment,
where the electric chiller plays an important role at the
valley time in order to realize the minimization of total
system cost; correspondingly, the absorption chiller was
used to provide the cooling output at other two periods.
As shown in Figure 3(b), the cooling demand is covered
mainly by the absorption chillers, where their annual
average proportion will reach 97%. (e main reason is
that, compared with electric chiller, the absorption chiller
utilized recovered waste heat sourced from the gas tur-
bine, which results in the low average operational cost and
high energy-utilization efficiency.

4.1.2. Heating-Supply System. (e heat-supply system in-
cludes the heat exchanger and auxiliary boiler, where the
generation of optimal operation strategies mainly considers
the following three aspects: the reduction of energy-supply
cost, the improvement in energy-conversion efficiency, and
energy provision safety, respectively. Similar to the cool-
supply system pattern, the violation level is associated with
energy demands and thus affects the operation strategies of
heat-supply system. As shown in Table 3, the total quantity
of heating power decreases with the increase in α value. For
instance, when α grows from 0.01 to 0.1, the total heat output
has an obvious decrease during winter, transition, and
summer, with the values changing from 257.45×103,
67.00×103, and 12.01× 103MJ to 257.17×103, 66.76×103,
and 11.85×103MJ, respectively. (is is because, according
to the BCCLP algorithm, the increase in α level is corre-
sponding to the reduction of the heat demand, such that the

provision amounts would decrease. Apart from α level, the
operating strategies are also influenced by the operational
costs of the equipment. As shown in Figure 4, the heat
demand is met totally by the heat exchanger. (is is partly
because the CCHP system executes the FTL strategy, which
means that the heat exchanger will be adequate to cover all
heat requirements, and there is no need to provide addi-
tional heat by the auxiliary boiler. Another reason is that the
heat exchanger absorbed the recovered waste heat provided
by the gas turbine, with a low cost compared to the auxiliary
boiler.

4.1.3. Electricity-Supply System. In the electric supply sys-
tem, the electricity requirements are satisfied by both the
gas turbine and purchased electricity from the grid, re-
spectively. (e electricity amounts provided by the above
two means are reflected in Table 3 and Figure 5. As dis-
cussed in the previous section, the determination of α level
also would affect electricity-provision strategy through
changing the electricity demands. For example, as de-
scribed in Table 3, the electric quantity supplied by the gas
turbine and purchased from the grid over three seasons
decreases with the increase in α level. Specifically, when α
grows from 0.01 to 0.1, the electricity sourced from the gas
turbine would be reduced from 23.11× 103, 10.95 ×103, and
20.23 ×103 kW to 23.07 ×103, 10.91× 103, and
20.12 ×103 kW in the winter, transition, and summer, re-
spectively, while purchased electricity from grid would
drop to 12.95×103, 33.01 × 103, and 41.69×103 kW from
13.11 × 103, 33.20 ×103, and 41.93×103 kW, respectively.
Similarly, the operating strategy of this system also
exhibited seasonal variation. Figure 5(a) demonstrated the
electricity magnitude at a whole year. As shown in
Figure 5(a), the electric demand from December to Feb-
ruary is mainly satisfied by the gas turbine whose output
would reach 32.59 ×103, 23.07×103, and 37.22 ×103 kW,
respectively. Conversely, the electric demand from June to
September is mainly provided by the purchased electricity,
which was 44.96 ×103, 41.69×103, 41.66 ×103, and
45.16 ×103 kW, respectively. (e reason is that total elec-
tricity amounts generated from the gas turbine are the sum
of the electricity supplied to the users and the electricity
used to drive the electric chiller. In summer, the consumed
electricity of electric chiller would increase with the in-
crease in the cooling demand, which would lead to the
reduction in generated electricity supplied to the users,
leading to more purchased electricity. On the contrary, the
electricity provided to the users would increase signifi-
cantly when cooling demand becomes decreased in the
winter. Meanwhile, the high heating demand needs more
recovered heat to drive the heat exchanger in winter, which
would result in an increase in the natural gas consumption,
as shown in Figure 5(a).

Figure 5(b) described the average hourly electricity-
provision quantity during the typical days over three sea-
sons. As shown in Figure 5(b), in summer, the peak output of
the gas turbine would be from 12:00 to 14:00 with the values
of 1.62×103, 1.64×103, and 1.96×103 kW, respectively. As
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Figure 3: Operation strategies of cooling-supply system: (a) annual operation strategy; (b) typical daily operation strategy over three seasons.

Table 3: CCHP’s operation strategies under different α levers in typical day during winter, transition, and summer.

Item
α� 0.1 α� 0.05 α� 0.01

Winter Transition Summer Winter Transition Summer Winter Transition Summer
Gas consumption
(m3) 16396.70 7756.32 14299.12 16406.02 7764.95 14307.37 16423.51 7781.13 14321.83

Supplied cooling by
AC (MJ) 8425.95 62954.16 235598.58 8463.78 63013.72 235681.14 8534.62 63125.49 235836.02

Supplied cooling by
EC (MJ) 103.56 2012.99 38833.40 113.96 2029.74 38865.52 133.46 2061.18 38925.79

Supplied heating by
HE (MJ) 257116.17 66759.25 11847.16 257231.65 66843.22 11903.64 257448.28 67000.72 12009.58

Supplied electricity
by GT (kW) 23070.16 10913.14 20118.87 23083.27 10925.28 20130.48 23107.88 10948.05 20226.90

Purchased
electricity (kW) 12942.46 33006.19 41686.72 13004.89 33074.27 41762.36 13122.00 33201.97 41929.58

System cost (RMB) 1471820.00 1234922.00 1832058.00 1473759.00 1236843.00 1834206.00 1477396.00 1240445.00 1866149.00
Note. AC denotes absorption chillers; EC denotes electrical chillers; HE denotes heat exchanger; GT denotes gas turbine.
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for other time periods, the output power of the gas turbine
would be extremely low. Particularly at 3:00, it would be only
4.43 kW. In winter, the output of the gas turbine would be
very large during the period of 16:00–19:00 and the peak
hour would be at 19:00 with maximum output
1.68×103 kW.(eminimum output would be 0.42×103 kW
at 4:00. Such a change is mainly because the power curve of
the gas turbine is consistent with the energy-demand curve.
In detail, the recovered heat used for the heat exchanger
would increase as the increase in heating demand level at
winter, which means that the gas turbine would produce the
electricity more compared to other periods.

4.1.4. System Cost. (is section describes the objective value
of the proposedmodel. As demonstrated in Table 3, there is a
strong negative correlation between α level and total system
cost. For example, when α grows from 0.01 to 0.1, the op-
erating cost would be downward from 1.87×106, 1.48×106,
and 1.24×106 RMB to 1.83×106, 1.47×106, and 1.23×106
RMB, respectively; correspondingly, the natural gas con-
sumption would decrease to 16.40×103, 7.76×103, and
14.30m3 from 16.42×103, 7.78×103, and 14.32m3, re-
spectively. (is was due to the fact that low α level (i.e., high

electricity and energy demand) corresponds to increased
reliability in meeting the requirements, which led to the
increases of system cost and natural gas consumption;
conversely, high α level was related to a decreased security in
satisfying the demands, thus resulting in the reductions of
system cost and natural gas consumption. (e above results
disclose that there existed a tradeoff between the system cost
and system-failure risk. (ere is a common problem asso-
ciated with CCHP system that the energy supply may be
insufficient to meet the peak demand; it thus recommends a
more conservative solution with the high system cost as the
operational strategy.

4.2. Discussion. From the above analysis, some factors, in-
cluding the energy demand, electrical price, and natural gas
price, exert the influence on the generated results of BCCLP
model. (erefore, it is essential to perform the sensitivity
analysis for evaluating the effect of those factors on the
economy of the CCHP system in this section, where the
energy demand, electrical price, and natural gas price are
designed at the variation ranges +20% to +100%, –20% to
+20%, and –20% to +20%, respectively. Table 4 reflects the
influences of electrical price, natural gas price, and energy
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Figure 4: Operation strategies of heating-supply system: (a) annual operation strategy; (b) typical daily operation strategy over three seasons.
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Figure 5: Operation strategies of electricity-supply system: (a) annual operation strategy; (b) typical daily operation strategy over three seasons.
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demands on the system cost. Firstly, the total system cost is
more sensitive to the change in electrical price in transition
than that in summer and winter. For instance, as the
electrical price increases from –20% to 20%, the fluctuations
in system’ cost in summer and winter are basically the same
with no obvious increases, that is, only increase from –8.71
to 8.71% and from –3.88% to 3.88%, while a dramatic in-
crease in the system cost from –11.23% to 11.23% could be
observed in the transition period. (e reason is that pur-
chased electricity amounts in the transition are the highest
among a year. Secondly, compared with the transition
season, the natural gas price has a greater influence on the
system cost in winter and summer. For example, the cost has
a distinct variation in summer with an increase of 11.25%
when the natural gas price increases by 20% and even rises
up to 16.02% in winter. But in transition, a 20% increase of
the natural gas price only causes a slight change of the
system’s cost by up to 8.74%.(is is because the heating and
cooling loads in winter and summer are much larger than
those in transition, and thus there is more natural gas that
needs to be purchased.

(e energy demand is another key factor that influences
the system cost. As shown in Table 4, the heating demand
has a high sensitivity to the variation of the cost in winter
and has a slight effect on the cost in summer. For example,
the variation in the heating demand is assumed to be 100%,
which would result in a 57.14% increase in the total cost in
winter, but only an increase of 6.30% in summer. Compared
with the heating demand, the cooling demand has the op-
posite sensitivity in the above seasons. For example, a 100%
variation in cooling demand would lead to a 33.08% increase
in the total cost in summer.(e difference in energy demand
among various seasons could explain this phenomenon. In
winter, the heating demand is much larger than cooling
demand, so it is the key factor. On the contrary, the cooling
demand is very large in summer while the heating demand is
relatively low, and thus the cost would be sensitive to cooling

demand. In transition, both heating and cooling demand
would have a significant influence on the cost. In addition,
electric demand would also have an important effect on the
economy. For instance, a 100% increase in the electricity
demand causes a change in the system’s cost by up to
84.59%, 68.28%, and 57.41% at three seasons, respectively.

(e sensitivity analysis result has revealed the influence
rules of the above sensitive factors on the system economy,
which could be classified into three categories: (i) in winter,
the increase in natural gas price, heating, and electric de-
mands would result in the large variation in total system
costs; (ii) in summer, the cooling demand, electric demand,
and the electrical price are key factors that affect the system
economy; (iii) in transition, the system cost has moderate
sensitivity to fluctuations of all parameters. It is beneficial to
decision-makers for generating rational and reliable oper-
ational pattern through paying more attention to improve
the accuracy of the key factors in the site survey and experts’
consultation.

Moreover, the BCCLP model still needs to be improved,
especially in the following three aspects. Firstly, the BCCLP
model based on birandom chance-constrained linear pro-
gramming is proposed for identifying the uncertainties as-
sociated with the CCHP system and generating a variety of
cost-effective operation strategies reflecting the tradeoff be-
tween system economy and reliability; however, the energy
generation, conversion, transition, and utilization processes in
BCCLP model are formulated by some simplified mathe-
matical equations. For example, there are only three equations
to express the conversion of natural gas to electricity and
heating quantity in this research. (is simplified way is
beneficial to formulate and solve the CCHP system operation
optimization model but has difficulties in generating accurate
and reliable solutions. (is is because it is a complicated
process in the actual production, which is related to a variety
of operational conditions, including flue-gas temperature and
turbine pressure. (erefore, it is necessary to enhance the

Table 4: System cost variation based on change of sensitivity parameters.

Item Parameter variation (%)
Winter Transition Summer

Cost (RMB) Change rate (%) Cost (RMB) Change rate (%) Cost (RMB) Change
rate (%)

Electricity price

–20 1414768 –3.88 1096544 –11.21 1672504 –8.71
–10 1443294 –1.94 1165733 –5.60 1752281 –4.35
+10 1500346 1.94 1304112 5.60 1911834 4.35
+20 1528872 3.88 1373301 11.21 1991610 8.71

Natural gas price

–20 1235970 –16.02 1126954 –8.74 1626379 –11.23
–10 1353895 –8.01 1180938 –4.37 1729218 –5.61
+10 1589745 8.01 1288906 4.37 1934897 5.61
+20 1707670 16.02 1342890 8.74 2037736 11.23

Heating demand
+25 1635522 11.12 1276131 3.34 1838961 0.38
+50 1824295 23.95 1317339 6.67 1845865 0.75
+100 2312825 57.14 1399756 13.35 1859673 6.03

Cooling demand
+25 1476254 0.30 1267951 2.67 1968859 7.47
+50 1480688 0.60 1300980 5.35 2108684 15.10
+100 1489555 1.20 1367038 10.70 2438152 33.08

Electricity demand
+25 1672031 13.61 1469416 18.99 2146366 17.16
+50 1872241 27.21 1703909 37.98 2460675 34.31
+100 2272663 54.41 2279530 84.59 3089293 68.62
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accuracy and applicability of optimization model through
incorporating the output of the mechanism model or sim-
ulation software (i.e., Epsilon and Aspen) into the optimi-
zation model. Secondly, only the birandom variables are used
to describe the energy demands of the CCHP system; in fact,
some intrinsic and human-induced uncertainties might exist
in the CCHP system. For instance, the electrical and natural
price is influenced by the resources’ availability and policy
regulations and should be described as the interval values.
Performance of the system equipment exhibits the uncertain
characteristics caused by their service time and the subjective
judgments of humans, which could be expressed as a fuzzy
parameter. Hence, other uncertain optimization techniques,
such as fuzzy and interval optimization methods, should be
incorporated into the model in order to handle multiple
uncertainties involved in the CCHP system. (irdly, the
minimization in the system cost is considered in the BCCLP
model. In fact, the minimization in the system cost is con-
sidered as the objective function in the BCCLPmodel. In fact,
the minimization of pollutant-emission amounts and the
maximization of primary energy rate are also major concerns
for the managers of CCHP system, in addition to the eco-
nomic objective. To obtain a balance among various objectives
in real-world decision makings, the multiobjective pro-
gramming (MOP) technique is desired. Previously, MOP has
been integrated with some optimization models and suc-
cessfully applied in many CCHP system management
problems [4, 10]. It has a strong potential to be incorporated
with the proposed BCCLP model for handling more com-
plicated cases in the future. Finally, the objective function in
this study is assumed to be linear form; in fact, the rela-
tionship between maintenance cost and load rate may be
nonlinear, rather than the linear form. (is will lead to a
nonlinear objective function. Because the focus of this re-
search is to develop the BCCLP model for supporting the
operation optimization of CCHP system, it is thus desired to
examine the possibility of an integrated model of BCCLP and
nonlinear programming in the future.

5. Conclusion

In this study, a BCCLP model was developed for deter-
mining the optimal operation strategies of the gas-fired
CCHP system for a five-star hotel in Shanghai Pudong New
Area, China. Because the system parameters, including
electric demand, cooling demand, and heating demand,
exhibit obvious dual-random characteristics in the pa-
rameters-identification process, such that the birandom
variable was innovatively incorporated into the optimi-
zation model for describing their fluctuated characteristics
them. A variety of optimal operation strategies for the gas-
fired CCHP system were obtained through adjusting
predetermined constraint-violation levels, which indicated
that the BCCLPmodel was useful in helping local managers
gain in-depth insights into the CCHP system, avoid
the deviation caused by the oversimplified uncertain

expression, and analyze the tradeoffs between system
economy and reliability, as well as establishing the cost-
effective operation strategies. Several findings could be
summarized as follows:

(i) For the cooling-supply system, the cooling demand
was satisfied mainly by the absorption chiller for one
year. Meanwhile, due to the effect of step tariff on
operational cost of electrical chiller, the cooling de-
mand was provided totally by the electric chillers at
valley time, and absorption chillers kept full-load
operations during the rest periods. (ii) In terms of the
heating-supply system, the heating demand was met
totally by the heat exchanger due to its low running
costs and high energy-utilization efficiency. (iii) For
the electric supply system, the operating strategy
exhibited the seasonal variation. (e electric demand
in winter was mainly by aid of the gas turbine;
conversely, it was satisfied through buying electricity
in summer. (iv) (e sensitivity analysis reflected that
five factors have the influences on system economy
over three seasons, which suggested that compre-
hensive investigation and consultation are finished
for improving the system performance. In the future,
high-precision mechanism models or simulation
software, multiobjective programming methods, and
two types of uncertain optimization techniques
should be incorporated into proposed model for
tackling more complex issues.
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