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At present, countries all around the world have implemented energy-saving and emission
reduction measures to achieve carbon neutralization. The combined cooling, heating, and
power (CCHP) system is a high-efficiency energy system that can promote energy-saving
and decrease carbon emissions. The choices of installed capacity and operation strategies
impacts the economy, energy-saving, and environmental protection of combined cooling,
heating, and power systems. The aim of this study was to determine the potential and
comprehensive benefits of combined cooling, heating, and power systems based on the
comprehensive performance assessment. In this study, a comprehensive performance
index (CPI) method was presented to optimize the configurations and operation strategies
of combined cooling, heating, and power systems in a Japan eco-campus, based on
historically monitored data. According to the influencing factors of the combined cooling,
heating, and power system in comprehensive performance index evaluation, the
adaptability and development potential of economy, energy saving, and CO2 emission
reduction were evaluated to consider future renovation of energy systems. In this study, we
adopted a seasonal time-of-use (STOU) electricity price to evaluate the economic
performance of combined cooling, heating, and power systems and compared them
to the time-of-use (TOU) electricity price. The results indicated that the seasonal time-of-
use electricity price was more economic in regions that had high cooling demand in
summer. By comparing the CO2 emission coefficient of electricity in different regions in
Japan, we could estimate that more than 40% of the cleaner energy ratio was positive. The
results obtained can provide suggestions for the future development of combined cooling,
heating, and power systems.
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INTRODUCTION

Owing to the continuous growth in the world’s energy demand,
the problems of energy consumption, greenhouse gas emission,
and environmental pollution have become increasingly
prominent (Jing et al., 2018). Combined cooling, heating, and
power (CCHP) system has been recognized as an efficient and
economic method to realize the integration of power generation,
cooling, and heating through the cascade utilization of energy;
notably, the comprehensive energy utilization efficiency of the
system can reach 85% (Papadimitriou et al., 2020). There are
various types of equipment in CCHP systems, and there is a
coupling relationship between the equipment (Wu and Wang
2006). The equipment installed capacity and operation strategy
have a significant impact on the economic and environmental
benefits and energy efficiency of the systems. The configuration of
equipment is crucial in such cases. Unreasonable configuration of
equipment types and excessive capacity can lead to the waste of
investment and low utilization efficiency of systems, whereas
undersized capacity cannot meet the demand of the building in
the area load demand, which may lead to an increase (rather than
decrease) in energy consumption. At present, the economic
benefits of CCHP systems are greatly reduced due to the
mismatch of installed capacity (Lin et al., 2020). Therefore, to
improve the performance of CCHP systems, the capacity and
operation optimization of CCHP systems has become an
important research direction.

Numerous studies have been conducted on the optimization of
CCHP systems. Wang et al. (Wang et al., 2010a) optimized the
capacity of power generation unit (PGU) selected in the design
period and the fixed ratio of electric cooling to cool demand used
in operation period. Ren et al. (Ren and Gao 2010) optimized the
configuration and technology combination alternatives by
minimizing the total energy cost. Furthermore, Ren et al. (Ren
et al., 2021) optimized the hybrid CCHP systems for three
buildings (hotel, office, and market) under different operation
strategies. Kim et al. (Kim et al., 2019) selected the capacity of
PGUs, value of thermal storage system, cooling/heating capacity
ratio supplied by electrically driven systems, and maximum heat
power from the storage system as the decision variables to
optimized the CCHP system.

Notably, different optimization algorithms were applied to
CCHP systems. Wang et al. (Wang et al., 2010b) employed
particle swarm optimization algorithm (PSOA) to optimize the
capacity of PGUs and heat storage tank, on-off coefficient of
PGU, and ratio of electric cooling to cooling load. Sanaye et al.
(Sanaye and Khakpaay 2014) optimized the capacity of gas
engine, backup boiler, energy storage tank, electrical and
absorption chiller by combining an optimization algorithm
with the maximum rectangle method. Kong et al. (Kong et al.,
2009) adopted a non-linear-programming (NLP) cost-
minimization optimization model to determine the operation
strategies for the CCHP system. Bischi et al. (Bischi et al., 2014)
employed mixed integer nonlinear programming (MINLP) to
determine an operating schedule. Cao et al. (Cao et al., 2020) used
owl search algorithm (OSA) to increase the efficiency of the
CCHP system, in comparison with the separation production

system. Ghersi et al. (Ghersi et al., 2021) adopted genetic
algorithm (GA) to optimize the capacity of the CCHP system.

Conventional optimization is based on economy, and the most
important parameter affecting economy is electricity price.
Different electricity price mechanisms have different effects on
the investment cost, operating cost, and energy saving of the
CCHP system. Generally, to simplify calculations, most
researchers used a fixed electricity price mechanism (Li et al.,
2020; Soltani et al., 2020). Some researchers used time-of-use
(TOU) electricity price to improve CCHP system utilization
efficiency and reduce investment and operating costs (Wu
et al., 2014). However, only a few studies have been conducted
on the STOU electricity price mechanism. Seasonal price refers to
an electricity price mechanism that reflects the cost of power
supply in different seasons. The main purpose is to suppress the
excessively rapid growth of electricity load during peak seasons to
reduce investment and operating costs. However, only a few
studies have been conducted on the combination of peak-valley
and seasonal electricity price mechanisms.

Sensitivity analysis determines the change of decision
evaluation criteria by changing one or more uncertainties. Yan
et al. (Yan et al., 2016) and Zheng et al. (Zheng et al., 2018)
analyzed the sensitivity of electricity price and natural gas price
and explained the changes in important criteria at different
prices. Zhang et al. (Zhang et al., 2020) analyzed the
performance of the CCHP system and deduced that it can be
improved by changing the electricity price, natural gas price,
investment subsidy, and carbon tax. Delgado et al. (Delgado et al.,
2017) analyzed the sensitivity of interest rate, heat export, and
energy price escalation rates to address the behavior of the results
due to changes in the economic context.

In addition to economic performance, the influencing factors
of CCHP systems are also very important for energy saving and
emission reduction (Wei et al., 2016). Therefore, it is essential to
evaluate the comprehensive performance assessment of CCHP
systems. Tamjidi et al. (Farahbakhsh and Chahartaghi 2020)
assessed the payback period and profitably index of a novel
integrated CCHP system from energy and economic
perspectives. Li et al. (Li et al., 2019) presented a CCHP and
ground source heat pump (GSHP) coupling system equipped
with a heat exchanger and used life cycle cost saving rate and
primary energy consumption saving ratio compared with
separated generation system. Additionally, Wang et al. (Wang
et al., 2011) used a comprehensive evaluation index to optimize
the PGU capacity and the ratio of electric cooling to the
cooling load.

As mentioned above, although many studies have focused on
CCHP system optimization, there is still a lack of knowledge
about the comprehensive performance analysis of the system to
improve its development potential. The purpose of this study is to
consider the comprehensive performance assessment of energy
conservation and environmental protection and discuss the
impact of different electricity price mechanisms on the
development of CCHP system. In this study, the GA method
was used to optimize the capacity of PGU and operation strategies
for CCHP systems. Then, the economy, energy saving, and CO2

emission reduction of the CCHP system were analyzed. Finally,
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we conducted the sensitivity analysis of energy price and CO2

emission reduction. This study is organized as follows: Methods
section introduces the energy flow of the CCHP and separated
production (SP) systems and puts forth the evaluation index of
CCHP systems and genetic algorithm (GA) optimization method
used in our study. Case Study section introduces a case study and
the corresponding parameters of a CCHP system. Section 4
analyzes the operation strategies, comprehensive performance,
and sensitivity analysis of energy price and CO2 emission
reduction potential of CCHP systems. The conclusions are
provided in Section 5.

METHODS

Energy Flow of CCHP and SP Systems
Firstly, the model of CCHP systems and SP systems were
established and the decision variables were proposed. Then a
single objective comprehensive evaluation system was established
for assessing cost saving, energy saving, and CO2 emission
reduction. Finally, the GA was used to optimize the CCHP
and SP systems.

The energy flow of CCHP systems and SP systems was
introduced, which was then, used to calculate the power
generation, energy consumption, and capacity of a power
generation unit (PGU) and auxiliary equipment to obtain the
optimal result of these systems.

The CCHP system used in our study was driven by PGU, as
shown in Figure 1A. Natural gas was supplied to PGU to produce
electricity. Considering the optimal economy for users, the power
generated by PGU is supplied directly to users. If generated power

cannot meet the electricity demand, the shortage of power can be
purchased from the power grid. The exhaust heat from PGU was
recovered by the heat recovery unit, and then the steam generated
by the heat recovery unit is used as a heat source to heat the heat
exchanger to meet the heat demand of users. When the recovered
heat could not meet the heating demand, sufficient heat was
provided by the auxiliary boiler. The cooling demand was
provided by a heat recovery unit through an absorption
chiller, and the insufficient cooling was supplied by the electric
chiller.

As shown in Figure 1B, the electricity demand of SP systems
was supplied by the power grid, cooling demand was supplied by
the electric chiller, and the heating demand was supplied by a gas
boiler.

The balance of the electricity demand of CCHP systems is
expressed as follows:

Egrid + Epgu � E + Eec , (1)

where Egrid is the electricity purchased from the power grid
(kWh), (due to it is not easy to dispose of excess electricity in
remote regions or in regions where the excess electricity is not
allowed to be sold to the power grid; therefore, we do not consider
selling the excess electricity to the power grid.); Epgu is the
electricity generated by the PGU (kWh); E is the electricity
demand of the building (equipment, lights, etc.) (kWh), and
Eec is the electricity consumed by the electric chiller.

The fuel energy consumption of the PGU, Fpgu (kWh), was
estimated using the following equation:

Fpgu � Epgu

ηpgu
, (2)

where Epgu is the electricity generated by the PGU (kWh); ηpgu is
the power generation efficiency of PGU.

The waste heat generation of PGU, Qr (kWh), was estimated
using the following equation:

Qr � Fpgu × (1 − ηpgu) × ηr, (3)

where Fpgu is the fuel energy consumption of the PGU (kWh);
ηpgu is the power generation efficiency of PGU; ηr is the efficiency
of the heat recovery unit.

The waste heat from the PGU was used to cover the
cooling and heating demand and can be expressed as
follows:

Qac � Qr × COPac , (4)

Qhe � Qr × ηhe, (5)

where Qac and Qhe are the cooling load produced by the
absorption chiller and the heating load produced by the heat
exchanger, respectively (kWh); COPac is the coefficient of
performance (COP) of the absorption chiller; Qr is the waste
heat generation of PGU (kWh), and ηhe is the efficiency of the
heat exchanger.

Qac + Qec � Qc, (6)

Qrh + Qab � Qh, (7)

FIGURE 1 | Schematic of the CCHP and SP systems: (A)CCHP system,
(B) SP system.
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whereQac is the cooling load producedby the absorption chiller (kWh);
Qec is the cooling load produced by the electric chiller (kWh). Qc and
Qh are the cooling and heating demands of the building, respectively
(kWh);Qrh is the heat supplied to the heat exchanger (kWh), andQab

is the supplementary heat from the auxiliary boiler (kWh).
The cooling demand generated by the electric chiller, Qec, and

electricity consumption of the electric chiller, Eec, can be
expressed as:

Qec � x · Qc, (8)

Eec � Qec

COPec
, (9)

Where Qec is the cooling load produced by the electric chiller
(kWh); x is the ratio of cooling load provided by electricity to the
total cooling load of the building; Qc is the cooling demand of the
building (kWh), and COPec is the COP of the electric chiller.

The fuel energy consumption of the auxiliary boiler, Fab

(kWh), was calculated using the following equation:

Fab � Qab

ηab
, (10)

where Qab is the supplementary heat from the auxiliary boiler
(kWh), and ηab is the efficiency of the auxiliary boiler.

The total fuel energy consumption of the CCHP systems,
FCCHP (kWh), was calculated using the following equation:

FCCHP � Fpgu + Fab. (11)

The total electricity purchased from the grid of SP systems, ESP

(kWh), was calculated using the following equation:

Eec � Qc

COPec
, (12)

ESP � E + Eec. (13)

The total fuel energy consumption of the SP systems, FSP

(kWh), was calculated using the following equation:

FSP � Qh

ηhe × ηb
, (14)

where ηb is the efficiency of the boiler.

Decision Variables
Power Generation Unit Capacity
PGU capacity has a significant effect on the economic, energy-
saving, and environmental performance of CCHP systems. When
the capacity of the PGU is established, the capacity of heat
recovery unit is determined using the maximum recovery heat
of PGU. The absorption chiller uses the recovery heat of PGU to
meet cooling demands, and therefore, the capacity of the system
changes according to PGU. The capacity of other equipment was
calculated using the cooling and heating loads.

Ratio of Cooling Load Provided by Electricity to Total
Cooling Load
The total cooling load of the building was provided by the
absorption chiller and the electric chiller. When the recovery

heat generated by the PGU was sufficient to meet the cooling
demand, the electric chiller stopped operating. Otherwise, the
electric chiller needed to be operated to supplement the
insufficient cooling demand. Considering the change of
cooling demand at each moment, the optimized ratio of
cooling load provided by the electricity to total cooling load
ratio was not a fixed value, owing to the innumerable changes in
the cooling demand. Therefore, it was necessary to optimize the
ratio of cooling load provided by the electricity to total cooling
load ratio.

Evaluation Index
Annual Total Cost Reduction
The annual investment cost (AIC) is the total investment cost of
all equipment of CCHP systems, $/year, and can be expressed as:

AIC � R × ∑m
m�1

(Nm × Im), (15)

R � i × (1 + i)n
(1 + i)n − 1

, (16)

where Nm is the capacity of the m th equipment (kW); Im is the
investment cost of the m th equipment per unit capacity ($/kW/
year); R is the coefficient of investment recovery; i is the annual
interest rate; n is the number of years of service life of the
equipment.

The annual maintenance cost (AMC) was calculated using the
following equation:

AMC � ∑m
m�1

(Nm ×Mm), (17)

whereMm is the maintenance cost of them th equipment per unit
capacity ($/kW/year).

The annual operating cost (AOC) is the total cost of the gas
consumption and electricity purchase in a year, $, and was
calculated using the following equation (due to the labour cost
accounts for a small proportion of the total operating cost, it can
be neglected):

AOC � ∑8760
t�1

(Egrid × Ce + F × Cf), (18)

where F is the total natural gas consumption (kWh); and Ce and
Cf are the energy price of electricity and natural gas,
respectively, $/kWh.

The annual total cost (ATC) is the sum of the above three costs
and can be calculated using the following equation:

ATC � AIC + AMC + AOC. (19)

The cost-saving ratio (CSR) is the annual total cost-saving
ratio of the CCHP systems compared with SP systems:

CSR � (1 − ATCCCHP

ATCSP ) × 100. (20)

Primary Energy Consumption
Primary energy consumption (PEC) refers to the consumption of
total fuels to meet the demand for electricity and thermal
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demands (kWh) and can be calculated using the following
equation:

PEC � Ftotal + Egrid

ηgrid × ηtr
, (21)

where Ftotal is the total amount of fuel applied to meet the electrical
and thermal demands (kWh); ηgrid is the power generation efficiency
of power plants, and ηtr is the transmission efficiency of power grid.

Primary energy saving ratio (PESR) was defined to assess the
energy consumption of CCHP systems in comparison with SP
systems, using the following equation:

PESR � (1 − PECCCHP

PECSP ) × 100. (22)

Carbon Dioxide Emission Reduction
The impact of CCHP systems on the environment mainly comes
from carbon dioxide emission (CDE); it can be determined using
the emission conversion factors as follows:

CDE � Egrid × μe + F × μf, (23)

where μe is the CO2 emission conversion factor of electricity from
the grid (kg CO2/kWh); μf is the CO2 emission conversion factor
of natural gas from the grid (kg CO2/m3).

Furthermore, the carbon dioxide emission reduction (CDER)
was calculated using the following equation:

CDER � (1 − CDECCHP

CDESP ) × 100. (24)

Payback Period
The static investment payback period refers to the time required
to recover the entire investment amount without considering the
value of time. The static payback period (PB) of the system was
calculated using the following equation:

PB � AICCCHP + AMCCCHP + AOCCCHP

AOCSP − AOCCCHP
, (25)

where AICCCHP, AMCCCHP, AOCCCHP are the investment,
maintenance, and operating costs of CCHP systems,
respectively, and AOCSP is the operating cost of the SP systems.

Objective Function
The weight coefficient method was used to weight sum each
evaluation index for obtaining the final optimization results in
this study. The comprehensive performance index (CPI) was
considered as the objective function of the model and the
maximum value; it was defined using the following equation:

⎧⎪⎨⎪⎩
MaxCPI � ω1CSR + ω2PESR + ω3CDER
ω1 + ω2 + ω3 � 1
0≤ω1,ω2,ω3 ≤ 1

, (26)

where ω1, ω2, and ω3 are the weight coefficient of three indexes
(CSR, PESR, and CDER, respectively). Notably, the optimal

performance of CCHP systems is hardly achieved using the
varying results of optimal cost saving, energy saving, and CO2

emission reduction due to the different weight distribution. Wang
et al. (Wang et al., 2011) analyzed ten different cases of weight
distribution and proposed that a better optimal result can be
obtained when the weights are equaled. Therefore,ω1,ω2,ω3 were
selected as 1/3.

Optimization
GA was designed and proposed according to the evolution law of
organisms in nature. It is a method to search for the optimal
solution by simulating the natural evolution process. GA can be
used for global optimization because it can extend the search
space to the whole problem (Wen et al., 2020).

Notably, the optimization procedure of the CCHP systems is
shown in Figure 2. It can be summarized as follows:

1. The initial population was created randomly.
2. Each individual of the population was coded into a binary

number.
3. Due to the objective value being greater than 0, the opposite

number of objective values was used as the input of fitness
function. Then, the fitness of each individual was evaluated. If
the objective function was optimal, the optimal individual was
output. Otherwise, we proceeded on to the next step.

4. The individuals with high fitness values were selected, because
the higher the fitness value, the more likely an individual is to
be chosen for crossover.

5. Then, new individuals were created through reproduction,
crossover, and mutation.

FIGURE 2 | Optimization procedure of the CCHP system.
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6. A new population with new individuals was created. When the
max comprehensive performance index (CPI) was satisfied,
the optimization was concluded. If not, the optimization
process was restarted from Step 3.

In this study, the GA method was implemented using
MATLAB software. The GA function of MATLAB was used
to solve the objective function. It should be pointed out that a
negative sign must be added to revise the default minimum value
of the result in MATLAB to the maximum value, because a
maximum value is required as the result of the simulation.

Introduction of Case Studies
In this study, we compared different cases for energy saving
analysis. The power generation efficiency of the gas engine and
the coefficient of performance (COP) of the electric chiller
affected the energy saving of the CCHP system. Three cases
were considered for comparison with the basic case, and the
measurements are shown in Table 1. In Case 1, the power
generation efficiency and thermal efficiency of the gas engine
remained unchanged, and the COP of the electric chiller
increased to 4. In Case 2, the COP of the electric chiller
remained unchanged, and the power generation efficiency of
the gas engine is increased to 0.45; to ensure that the
comprehensive energy utilization rate remained unchanged,
the thermal efficiency of the gas engine was reduced to 0.327.
In Case 3, the power generation efficiency of the gas engine
increased to 0.45, thermal efficiency reduced to 0.327, and the
COP of the electric chiller increased to 4.

CASE STUDY

Introduction of Case and Energy Demands
In this study, we chose the eco-campus of the Kitakyushu Science
and Research Park (KSRP) in Japan as an example (Ren et al.,
2010). KSRP is located in Kitakyushu, a world-renowned
environmental symbiosis city, and is a scientific research core
for environmentally friendly construction in Kitakyushu. The
total area of KSRP is approximately 335 ha. The eco-campus has
been using CCHP system since 2001 to provide electricity,
cooling, and heating demand for the energy center,
collaboration center, conference center, library, gym, teaching
building and experiment building, technology development and
exchange center. The buildings in the area are prefabricated
buildings of 4-floor and below, and the fence structure has
reached the standard of high-level energy-saving buildings.
The area has received the A-class certification from CASBEE-
block/region of Japan. The CCHP system can satisfy the larger

electricity, cooling, and heating demand of the eco-campus, and
effectively reduce the energy cost. The hourly electricity, cooling,
and heating demands were obtained through the energy center of
the KSRP (Figure 3).

Generally, there are two operation strategies of the CCHP
system: following the electrical load and following the thermal
load. When the system follows the electrical load, the excess heat
will be generated. If there is no storage heat device, the excess heat
will not be fully utilized and lead to the low utilization efficiency
of energy. When the system follows the thermal load, it gives
priority to meet the cooling and heating load of the building. If
generated power cannot meet the electricity demand, the shortage
of power can be purchased from the power grid, which makes full
use of waste heat resources and makes the system more efficient
of the energy utilization. The eco-campus energy demand is
mainly electricity, heating and cooling. The demand for
heating and cooling are significantly greater than the demand
for electricity, and there is no heat storage device designed in the
system. Therefore, in order to avoid more energy cost due to
larger heating and cooling load and inefficient energy utilization,
this study adopts following the thermal load (FTL).

Setting of Parameters
According to the investigation and based on the information
provided by the energy center of the eco-campus and related
studies, the technical parameters and investment cost and
maintenance cost of the main equipment of the system are
shown in Table 2. To reduce the operation cost, we adopted
the STOU electricity price mechanism. The prices of electricity
and gas and GA parameters are shown in Table 3.

RESULTS AND DISCUSSION

Results of Optimization
The equipment capacity of the CCHP system obtained after
optimization is shown in Table 4. It can be seen that the cost-
saving ratio was 25.02%, primary energy saving ratio was 41.14%,
CO2 emission reduction ratio was −3.58%, and CPI was 20.86%.
Because the CO2 emission coefficient of gas is 2.21 kg CO2/m

3

and electricity is 0.463 kg CO2/kWh, the gas engine was only used
for power generation; notably, more CO2 was generated when the
recovered heat was not used. Therefore, in our study, the CO2

emission of CCHP system was higher than that of separated
production (SP) system.

Figure 4A shows the hourly electricity generated from the gas
engine and purchased from the grid. The yellow line in Figure 4A
indicates the electricity purchased from the grid, and the lower
part indicates the excess electricity generated by the gas engine.

TABLE 1 | Comparison of different cases and basic case.

Parameters Basic case Case 1 Case 2 Case 3

COP of electric chiller 3 4 3 4
Gas engine power generation efficiency 0.3 0.3 0.45 0.45
Gas engine heat efficiency 0.477 0.477 0.327 0.327
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Notably, the excess electricity was generated by the gas engine in
winter or summer, when the cooling and heating demands were
high (and the electricity price was high). Because the system
following the thermal load, the system prioritized meeting the
cooling and heating demands, which increased the gas engine
power generation (higher than the electricity demand). During
the transition seasons, there was no demand for cooling and
heating, and the gas engine power generation only needed to meet
the electricity demand; in this case, the required electricity was
purchased from the grid.

Figure 4B shows the hourly operation strategies of the
absorption chiller and electric chiller. The electric chiller
provided cooling mainly during the period of valley electricity
prices and low cooling demands. The absorption chiller provided

cooling during the day when electricity prices were high, and the
electric chiller covered the unmet cooling demand during peak
electricity prices.

Figure 4C shows the hourly operation strategies of the cooling
and heating equipment. The gray line in Figure 4C represents the
recovered heat generated by the gas engine. Due to the high
demand for cooling and heating in winter and summer, the
recovered heat could be fully utilized. However, during the
transition season, there was no demand for cooling and
heating, but large electricity demand; therefore, a gas engine
was required to generate electricity to meet the electricity
demand, and the recovered heat at this time was wasted.

Figures 5A,B shows the optimal strategies of the typical days
in summer and winter. It can be seen that the gas engine runs

FIGURE 3 | Hourly electricity, cooling, and heating demands in 1 year.

TABLE 2 | Technical parameters and investment cost and maintenance cost of the system.

Variable Symbol Value

Gas engine power generation efficiencya ηpgu 0.30

Gas engine heat efficiencya ηth 0.477
Heat recovery unit efficiencya ηr 0.80
Heat exchanger unit efficiencya ηhe 0.80
COP of absorption chillera COPac 0.70
COP of electric chillera COPec 3.00
Boiler efficiencya ηb, ηab 0.80
Power generation efficiency of power plantb ηgrid 0.35

Grid transmission efficiencyb ηtr 0.92
CO2 conversion factor of electricity (kg CO2/kWh)c μe 0.463
CO2 conversion factor of fuel (kg CO2/m

3) c μf 2.21

Equipment Investment cost ($/kWd) Maintenance cost ($/kW/year)

Gas engine 750a 30.00e

Heat recover unit 130a 5.20e

Heat exchangerf 31 0.05
Absorption chillerg 154 1.24
Electric chillerg 108 1.05
Boilerg 31 0.07

aThe parameter values were provided by the energy center of the eco-campus.
bThe parameter values and cost were determined according to Song (Song et al., 2020).
cThe CO2 emission conversion factors were determined according to the Kyushu Electric Power and Saibu Gas company in Japan (Zhao et al., 2020).
d1 $ � 108.74 Yen.
eMaintenance cost was assumed as 4% of the investment cost according to Ali (Ali et al., 2018).
fHeat exchanger price was determined according to Wang (Wang et al., 2010a).
gThe costs were determined according to Song (Song et al., 2020).
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from 8:00 to 21:00 and stops from 22:00 to 7:00. During the valley
electricity price period in summer, all the cooling demand is
provided by the electric chiller. During the day that the cooling
demand is provided by the absorption chiller, and the
insufficient cooling demand during the peak electricity
price period is supplemented by the electric chiller.
During the valley price period in winter, all the heating
demand is provided by the auxiliary boiler. The heating
demand is provided by the heat exchanger during the day,
and the insufficient heat is supplemented by the auxiliary
boiler. Because the gas engine stops during the valley
electricity price period, the electricity at this time is all
purchased from the grid to meet the electricity demand. The
electricity supply of the gas engine during the day is
determined by the demand for cooling and heating, and
the unmet electricity demand is fulfilled by the grid. Figures
5C,D shows the economic comparison between the CCHP
system and the SP system for typical days in summer and
winter. It can be seen that the CCHP system has more
economic advantages than the separate production system
no matter in summer or winter. However, the energy cost of
the CCHP system is higher than the separate production
system during the period when the CCHP system is stop
running, due to the heating and cooling demand during the
valley electricity price period is provided by auxiliary
equipment, which results in higher energy costs. In
summer, CCHP systems save 53.47% of energy costs

compared to separate production systems, and 51.20% of
energy costs in winter. Therefore, using CCHP systems
under this operation strategy has more economic
potential than the separate production system.

Comprehensive Performance Analysis
Cost Saving Analysis
In Japan, there are many electricity pricing mechanisms. In this
section, we have compared the seasonal time-of-use (STOU)
and time-of-use (TOU) prices (Figure 6). We observed that the
Primary energy saving ratio (PESR) and carbon dioxide
emission reduction (CDER) were basically unaffected by the
changes in the electricity price. The electric chiller needed to be
operated to meet the largest cooling demand from 13:00 h to 16:
00 h in summer, and peak electricity appeared in the period
because of the STOU electricity mechanism. To save the
operating cost during the peak period of electricity
consumption, the gas engine was shut down during the
valley price period, and all the cooling load was provided by
the electric chiller. The gas engine was started during the day to
meet the cooling demand as much as possible. In this way, the
cooling load supplemented by the electric chiller was reduced,
and the operation cost during the peak electricity price period in
summer was saved in a large section. When the TOU price was
adopted, the cost-saving ratio of the CCHP system was 24.31%.
When the STOU was considered, the cost-saving ratio of the
CCHP system was 25.02%. Thus, the TOU price has advantages

TABLE 3 | Prices of electricity and gas and GA parameter.

Time Prices

Electricity Summer Peak time 13:00–16:00 h 0.248 $/kWh
Daytime 8:00–13:00, 16:

00–22:00 h
0.213 $/kWh

Other seasons Daytime 8:00–22:00 h 0.203 $/kWh
All year Night 22:00–8:00 h 0.120 $/kWh

Natural gas 0.20 $/m3

Parameter Value

Population size 80
Generations 100
Migration fraction 0.1
Crossover fraction 0.8
Search space of PGU capacity [0,3000]
Search ratio of cooling provided by electricity to
total cooling load

[0,1]

TABLE 4 | Optimal configuration results and performance comparison between CCHP and SP systems.

Equipment Gas engine Heat recovery
unit

Absorption chiller Electric chiller Heat exchanger Auxiliary boiler

Capacity (kW) 1,473 2,342 1,874 1,881 1,874 1,186

CCHP SP Saving ratio (%)

ATC 940,866 1,254,799 25.02
PEC 15,591,460 26,489,058 41.14
CDE 3,569,203 3,445,791 −3.58
CPI 20.86
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for the economy of the CCHP system, but for the regions having
large cooling demands in summer, it was more economic to
adopt the STOU pricing mechanism.

Energy Saving Analysis
Figure 7 shows the energy consumption of the CCHP system in
different cases. All cases had better energy-saving performance than
the basic case; Case 3 was the ideal case and could save energy by
61.49%. Notably, the electricity purchase in Case 1 was significantly
higher than that in Case 2, and the natural gas consumption of Case
2was higher than that of Case 1, while the CDER remained the same.
This is because Case 2 improved the power generation efficiency of
the gas engine and increased the power generation of the gas engine,
while the reduction of the thermal efficiency reduced the recovery
heat generated by the gas engine and required more natural gas
consumption to meet the heating demand in winter. Thus,
improvement in the COP of the electric chiller and the power
generation efficiency of the gas engine can save energy consumption.

CO2 Emission Reduction Analysis
The CO2 emission reduction performance in this study was
negative. However, in Japan, the CO2 emission coefficient of
electricity is different in each region. The reason for the
different CO2 emission coefficients of electricity is that the
proportion of renewable energy and nuclear power, which do
not emit carbon dioxide, is different. Table 5, shows the CO2

emission coefficient of electricity in different regions, and the
results are shown in Figure 8. In our study, the CDER of
Hokkaido, Tohoku, Kinki, and Chugoku were positive, while
those of other regions were negative. This shows that the
CCHP system is more suitable in regions where the CO2

emission coefficient of electricity is greater than 0.5 and the
CDER is positive. And we convert the CO2 emission
coefficient of electricity into the clean energy ratio,
accounting for 40%.

Sensitivity Analysis
Influence of Energy Price on the Economic
Performance of CCHP System
The electricity price affects the operating cost of the CCHP
system, and the operating costs account for a large proportion
of the total system costs. Consider the electricity price in
Table 3 as the basic price, and decrease or increase 0–50% of
that to analyze the impact of electricity price on the CCHP
system’s economic performance. Figure 9A shows the change
in the payback period and the total cost-saving ratio of the
CCHP system, with different electricity prices, when the gas
price remained unchanged. With the increase in electricity
price, the payback period showed a downward trend, while
the cost-saving ratio showed an upward trend. When the
electricity price dropped by 50%, the payback period of the
CCHP system was 12.6 years, and the total cost-saving ratio
(CSR) of that was 4.11%. However, when the electricity price
increased by 50%, the payback period of the CCHP system
was about 3.6 years, and the total CSR of that was 32.98%.
This indicates that a drop in the electricity price can decrease
the economic performance of the CCHP system. This is
because all electricity consumption of the SP system was
purchased from the grid, while the CCHP system could
generate electricity by the gas engine; the electricity deficit
was fulfilled by the grid, which greatly reduced the amount of
electricity purchased.

The natural gas price also affects the economic
performance of the CCHO systems. The impact of gas
price on the economic performance of the CCHP system is
shown in Figure 9B. Contrary to the electricity price, the
payback period of the CCHP system showed an increasing
trend with increasing gas price, whereas the total CSR showed
a downward trend. When the gas price dropped by 50%, the
payback period was 4.4 years, and the total CSR was 30.75%.
When the gas price increased by 50%, the payback period was
6.3 years, and the total CSR was 19.54%. The natural gas
consumption of the CCHP system was greater than that of the
SP system because natural gas was required by the CCHP

FIGURE 4 | Hourly operation strategies of the CCHP system: (A) Hourly
electricity generated from gas engine and purchased from grid, (B) Hourly
operation strategies of absorption chiller and electric chiller, (C) Hourly
operation strategies of cooling and heating equipment.
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system for power generation and boiler operation. Therefore,
the increase in gas price can lead to a decrease in the
economic performance of the CCHP system.

Influence of CO2 Emission Coefficients on the
Economic Performance of CCHP System
The CO2 emission coefficient of electricity affected the CO2

saving potential of CCHP systems. The CO2 emission

FIGURE 5 | Optimal strategies and economic comparison between the CCHP system and the SP system for typical days in summer and winter: (A) Operation
strategies in summer, (B) Operation strategies in winter, (C) Economic comparison in summer, (D) Economic comparison in winter.

FIGURE 6 | Comparison between STOU and TOU electricity price.

FIGURE 7 | Energy comparison of CCHP system in different cases.
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coefficient in this study was calculated for the Kyushu region; the
CDER was negative for the CCHP system, while the
comprehensive performance index was positive. Figure 10
shows the effect of CO2 emission coefficient decreasing from 0
to 90%. Notably, the overall development direction of the power
system in Japan is towards low-carbon development. When the
CO2 emission coefficient of electricity in the Kyushu region was
reduced to 67%, the impact of the economic and energy-saving
index was offset, and the comprehensive performance index was
below 0, which was not suitable for the CCHP system.

Through the sensitivity analysis of energy price and CO2

emission coefficient of electricity, it can be concluded that
when the parameters change greatly, the comprehensive
performance of CCHP systems will be significantly affected.

In this part, firstly, the optimization results are analyzed. Then
the development potential of CCHP system is analyzed from
three factors: cost saving, energy saving and carbon saving.
Finally, the sensitivity analysis of energy price and carbon
emission coefficient provides suggestions for the promotion of
cogeneration system.

CONCLUSION

In this study, we optimized and evaluated the comprehensive
performance of the CCHP system for an eco-campus in Japan.
The genetic algorithm (GA) method was used to determine the
capacity of each piece of equipment and the operation strategies
of the CCHP system. A comprehensive performance index was

proposed to evaluate the economy, energy-saving, and CO2

emission reduction potential of the CCHP system. Then,
sensitivity analysis was conducted for determining the impacts
of electricity and natural gas prices and CO2 emission on the
performance of the CCHP system. The main conclusions of our
study are as follows:

1. The economic performance of the CCHP system was better than
that of the SP system and the total cost of the system could be
reduced by 25.02%. The electricity and natural gas prices were

TABLE 5 | CO2 emission coefficient of electricity in different regions.

Region Hokkaido Tohoku Kanto Chubu Kinki Chugoku Shikoku Kyushu

CO2 emission coefficients (kg/kWh)a 0.601 0.521 0.441 0.426 0.530 0.585 0.382 0.463

aThe CO2 emission conversion factors were determined according to the Hokkaido Electric Power, Northeastern Electric Power, Mito Electric Power, Aichi Electric Power, Wakayama
Electric Power, Chugoku Electric Power, Shikoku Electric Power, and Kyushu Electric Power company in Japan.

FIGURE 8 | Carbon dioxide emission and Carbon dioxide emission
reduction in different regions of Japan.

FIGURE 9 | Sensitivity analysis of energy price: (A) Sensitivity analysis of
electricity price, (B) Sensitivity analysis of gas price.
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selected as the factors that affect the economic performance of the
CCHP system. With the increase of electricity price, the
economic performance of the CCHP system improved;
however, in the case of natural gas price, the opposite effect
occurred. With the increase of natural gas prices, the economic
performance of the system decreased. When the electricity price
changed, the change range of the system payback period was
from 3.6 to 12.6, while in the case of when the natural gas price
changed, the change range of the payback period was from 4.4 to
6.3. This shows that changes in the electricity price can affect the
economic performance of the CCHP system more than changes
in the natural gas price. By comparing the economy of seasonal
TOU price and TOU price, we found that it is more economical
to use seasonal TOU price in areas that have an excessive cooling
demand in summer.

2. By comparing the COP of the electric chiller and the power
generation efficiency of the gas engine, we found that the
improvement of the COP of the electric chiller and the power
generation efficiency of the gas engine can greatly save the
energy consumption of the CCHP system. When the
efficiencies of these two parameters were improved at the
same time, energy-saving was optimal.

3. After optimization, the result of CDER was negative because
there was a wide variation in the CO2 emission coefficients of
electricity and gas. However, the CO2 emission coefficients of
electricity in different regions were different. By comparing the
CO2 emission coefficients of electricity in different regions, we
could conclude that the regions having a clean energy ratio
higher than 40% were more suitable for the promotion of the
CCHP system.

Overall, this study optimized and evaluated the CCHP system
of a specific building to promote its comprehensive performance.
And the influence of different electricity price mechanisms on the
development of the CCHP system was analyzed. Our results can
provide a reference for eco-campus to establish a CCHP system to
improve the comprehensive performance. The comprehensive
performance assessment method used in this study put forward
suggestions on the adaptability and development potential of
CCHP systems in the future.

This study mainly improved the performance by optimized
the installed capacity and operation strategies of the CCHP
system. However, the failure during equipment operation also
seriously affects the development of CCHP system. Therefore, a
more detailed optimization analysis of CCHP system should be
carried out in combination with equipment maintenance in the
future work Agency for Natural Resources and Energy, 2021.
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NOMENCLATURE

AIC annual investment cost ($/year)

AMC annual maintenance cost ($/year)

AOC annual operating cost ($/kWh)

ATC annual total cost ($/year)

C cost ($)

CCHP combined cooling heating and power

CDE carbon dioxide emission

CDER

COP coefficient of performance

CO2 carbon dioxide

CPI comprehensive performance index

CSR cost-saving ratio

E electricity demand (kWh)

F fuel consumption (m3)

FTL following the thermal load

GA genetic algorithm

I investment cost ($)

KSRP Kitakyushu science and research park

M maintenance cost ($)

N capacity of the equipment (kWh)

PEC primary energy consumption

PESR primary energy consumption ratio

PGU power generation unit

Q heat (kWh)

SP separated production

STOU seasonal time-of-use

TOU time-of-use

Greek letter
η efficiency

μ CO2 emission conversion factor

ω weight vector

Subscript
ab auxiliary boiler

ac absorption chiller

b boiler

c cooling

e electricity

ec electric chiller

f fuel

grid electricity grid

h heating

he heat exchanger

m equipment number

pgu power generation unit

r recovery heat

rh recovery heat supplied to heat exchanger

t hours

total total amount of fuel

tr transmission of power grid
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