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ABSTRACT

This paper proposed a new type of combined cooling heating and power (CCHP) system, including the parabolic
trough solar thermal (PTST) power generation and gas turbine power generation. The thermal energy storage
subsystem in the PTST unit provides both thermal energy and electrical energy. Based on the life cycle method,
the configuration optimization under eight operation strategies is studied with the economy, energy, and envir-
onment indicators. The eight operation strategies include FEL, FEL-EC, FEL-TES, FEL-TES&EC, FTL, FTL-EC,
FTL-TES, and FTL-TES&EC. The feasibility of each strategy is verified by taking a residential building cluster as
an example. The indicators under the optimal configuration of each strategy are compared with that of the sepa-
rate production (SP) system. The results showed that the PTST-CCHP system improves the environment and
energy performance by changing the ratio of thermal energy and electric energy. The environment and energy
indicators of FEL-TES&EC are superior to those of FTL-TES&EC in summer, and the results are just the opposite
in winter. The initial annual investment of the PTST-CCHP system is higher than that of the SP system, but its
economic performance is better than that of the SP system with the increase of life-cycle.
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Nomenclature
Can: the installation cost of the system
Cyun: system operation and maintenance costs
Cgas: fuel cost
Cgrid: interaction cost between the PTST-CCHP system and the large power grid
Cper: the price of natural gas
Cbuy: power purchase prices
Csell: the price of electricity for sale
c: the specific heat capacity of the heat storage medium
d: the interest rate and is equal to 0.08
Ebuy: purchased in electricity
Esell: sold electricity
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Eptro: the output electricity of the PTST power generation unit
e: the difference between mean solar time and true solar time
Ftur: unit time consumption of gas turbine
Fbio: gas consumption per unit time of gas-fired boiler
Gsc: solar constant and is a value of 1353 W·m-2

I : solar radiation
I0: solar radiation outside the atmosphere
K: total number of days per quarter
L: the longitude of the desired location
Lm: the Longitude of Beijing
l: the life expectancy of the system, which is a value of 50 years
M : unit time and unit capacity operation cost of each unit
N : the number of units
O: the unit capacity installation cost of each unit
P: the installation capacity of each unit
Pout: the output power of each unit
Qu: useful energy gains for solar thermal systems
Qv: solar thermal storage tank may provide heat storage capacity
q: air quality
S: solar energy collection area of the PTST power generation unit
ts: the heated time of the heat storage medium
TL: the inlet temperature of heat storage tanks
TH: the outlet temperature of heat storage tanks
Tb: solar time (Beijing time in 24 hours system)
Ytotal: total investment cost over the life cycle of the system
YCOST: the annual investment cost
Ycon: natural gas consumption
Yrel: carbon dioxide emissions

Greek Symbols
ge: the generation efficiency of the PTST power generation unit and it is equal to 0.37
gv: efficiencywhose plus sign shows the heat storage, andminus sign shows the heat release, and it is a value of 0.75
gm: the solar energy collection efficiency of the PTST power generation unit and is equal to 0.38
gt: the heat transfer efficiency between the solar energy collection subsystem and generation subsystem and

it is equal to 0.95
ggen: the generation efficiency of thermal power plants
sb: direct radiation atmospheric transparency
sd: scattered atmospheric radiation transparency
n: the sequence number of the desired day in a year
hz: zenith angle
q: the latitude of the desired location
d: declination angle
a: the solar altitude
x: solar hour angle
re: the primary energy conversion coefficient for each kilowatt-hour of electricity generated by thermal

power plants
lf : a carbon dioxide conversion coefficient for natural gas
le: a carbon dioxide conversion coefficient for coal
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Subscripts
i: the sequence number of each unit
t: the sequence number of hours in a day
j: the sequence number of seasons
k: the sequence number of one day in one of the seasons
m: the heat storage medium quantity of flow

1 Introduction

CCHP system has developed rapidly in recent years because of its prominent role in energy utilization.
Scholars study CCHP systems extensively due to its advantages of higher efficiency of primary energy
utilization, reduction of pollution gas emission, and flexible adjustment of electrothermal ratio [1–4]. In
references [5,6], a hotel and a residential building were respectively taken as examples to study the
performance of the traditional CCHP systems under different operation strategies. Jiang et al. [7]
designed a calculation model of reliability index for traditional CCHP systems. The results showed that
reliability analysis could reduce the total cost of a CCHP system and improve the utilization rate of
energy. In reference [8], a model combining the multi-objective optimization genetic algorithm was
established, through which the optimal installed capacity of power generation unit (PGU) and absorption
refrigerator were given. The model has verified practicability and multi-objective prediction ability
through a project in Changsha, China. Zhang et al. [9] evaluated three aspects of a CCHP system with
different refrigeration modes, including economy, energy, and environment. The performance of the
system under two operating strategies is respectively analyzed. It is proved that the general performance
of the CCHP systems is better than that of the conventional separate heat and power systems. Tataraki
et al. [10] compared three CCHP systems with different heating and cooling devices. The investment
feasibility and business feasibility area of the existing CCHP system were determined by establishing an
analysis formula and an operational feasibility diagram has been given. Zhu et al. [11] put forward a two-
layer programming approach which can solve the optimal design and dispatch problem simultaneously
and have the advantage of incorporating a variety of factors into optimization variables, including
equipment type, equipment capacity, operation strategy, aiming to achieve the lowest cost and the least
emission in the life-cycle of CCHP systems.

Currently, most cogeneration systems inevitably consume fossil fuel, but excessive consumption of
fossil fuels is not recommended [12]. The flexibility of the CCHP system promotes the increasing
research on its combination with renewable energy sources. Zhu et al. [13] established an integer
nonlinear programming model for renewable energy and the CCHP systems. The optimization design and
operation strategies of the system are studied by taking five different buildings as examples. Lv et al. [14]
proposed a hybrid system combining a CCHP system with a river source heat pump. The advantages of
the two technologies were combined. The optimization configuration of the combined system was
studied, and the practicability of the optimization model was evaluated through case analysis. Wang et al.
[15] designed a CCHP system coupled with a ground source heat pump (GSHP). Adjustable performance
distribution was analyzed through a case to guide operation regulation of the system. The results showed
that the GSHP system can effectively improve system performance and reduce primary energy
consumption. In references [16–18], detailed research on a new CCHP system based on synthetic
utilization of biogas and solar energy was presented. The results showed that the overall performance of
the hybrid CCHP system is better than the reference system with higher technical maturity and
performance. In reference [19], a new co-supply system was designed which integrated photovoltaic
power generation and ground source heat pump in a traditional CCHP system. They proposed a new
seasonal operation strategy considering the non-perennial difference of each load. On this basis, the
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integrated energy system is optimized with multiple objectives. The results showed that the system had a
higher comprehensive benefit and could better meet the building load. Wang et al. [20] proposed a
stochastic-CVaR (conditional value at risk) optimization model for CCHP microgrid operation with a
consideration of EM participation, wind power accommodation, and multiple DRPs, and the validity of
the model is verified by simulation. Yang et al. [21–24] have studied the method of combining traditional
CCHP systems with solar energy [21–24]. Different operation strategies were analyzed. Performance
indexes of economics, environment, and energy were studied.

Among so many kinds of new energy, solar energy is the most widely combined with traditional CCHP
systems [25]. Besides, parabolic-trough-solar-thermal power generation has more unique advantages than
other power generation [26,27].

It can be seen from the studies above that the operation strategies can affect the performance of CCHP
systems, but the single application form of the new energy leads to the few operation strategies available for
the CCHP systems. This paper established a new PTST-CCHP system that introduced the PTST power
generation technology based on the traditional CCHP systems. The energy utilization forms are various,
which can provide both electrical and thermal energy. Eight operation strategies were studied, and
configuration optimization was performed for each strategy. The advantages and disadvantages of each
strategy were analyzed by comparing the performance of each strategy under the optimal configuration.
Then, the performance indexes of each strategy were compared with those of the SP system.

2 Energy Structure

Fig. 1 clearly described the energy structures of the PTST-CCHP system and SP system. In Fig. 1(a), the
electric load (EL) is met by the large power grid. The cooling load (CL) is satisfied by electric refrigeration.
The heating load (HL) is filled by a gas boiler which consumes natural gas.

In Fig. 1(b), there is a PTST power generation unit that is powered by solar energy. The PTST power
generation unit provides electricity Eptro which includes the electricity directly generated by the energy
from the solar collector and the electricity indirectly generated by the energy from the thermal storage
tank. The thermal storage tank can also supply thermal Ehtro to the load directly. The gas turbine uses
natural gas as fuel to convert chemical energy into electricity Eptur. The total electricity of Eptro and Eptur

meets the electric load (EL) of the system. Insufficient electricity Ebuy is purchased from the large power
grid, and surplus electricity Esell is exported to the large power grid. The waste heat boiler recycles the
heat energy Ehtur carried by the high-temperature flue gas from the gas turbine. Gas boiler takes natural
gas as fuel to provide heat energy Ehbio for the system. The partial heat Ehtro1, Ehtur1, and Ehbio1 meet the
heat load (HL) of the system. The cooling load (CL) of the system is satisfied by another partial heat
Ehtro2, Ehtur2, and Ehbio2, besides the load from electric refrigeration.

3 Optimization Objective Model

This paper established mathematical models for life-cycle costs [28–31], non-renewable energy
consumption, and CO2 emissions. The total life-cycle costs are translated into corresponding annual
investment values.

3.1 Economic Model
The economic model of the PTST-CCHP system consists of four parts, including installation cost,

operation, and maintenance cost, fuel cost as well as interaction cost. The economic model can be
calculated as:

Ytotal ¼ Can þ Cyun þ Cgas � Cgrid (1)
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where Ytotal means total investment cost over the life cycle of the system. Can means the installation cost of the
system. Cyun is the operation and maintenance costs which mainly includes the daily maintenance cost and the
labor cost of the unit. Cgas is fuel cost. Cgrid is interaction cost between the PTST-CCHP system and the large
power grid. Cgas and Cgrid are not contained in Cyun. The four parts can be derived as follows:

Can ¼
PN
i¼1

OiPi

Cyun ¼
P3
j¼1

PK
k¼1

P24
t¼1

PN
i¼1

MijtkPout;ijtk

Cgas ¼
P3
j¼1

PK
k¼1

P24
t¼1

ðFtur;jtk þ Fbio;jtkÞCper

Cgrid ¼ EbuyCbuy or Cgrid ¼ EsellCsell
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Figure 1: Energy structure of cooling heating and power system (a) Energy structure of separate production
(SP) system (b) Energy structure of PTST-CCHP system
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where i is the sequence number of each unit. t is the sequence number of hours in a day. j is the sequence
number of seasons. k is the sequence number of one day in one of the seasons. N represents the number
of units. K represents the total number of days per quarter. O represents the unit capacity installation
cost of each unit. P represents the installation capacity of each unit. M represents unit time and unit
capacity operation cost of each unit. Pout is the output power of each unit. Ftur and Fbio are the natural
gas consumption per unit time of a gas turbine and gas boiler, respectively. Cper is the price of natural
gas. Ebuy is purchased in electricity and Cbuy is power purchase prices. Esell is sold electricity and Csell is
the price of electricity for sale.

The PTST power generation unit determines the cost of interaction between the system and the large
power grid. The mathematical model of the PTST power generation unit is shown as:

Eptro ¼ geðQu � gvQvÞ (3)

where Eptro denotes the output electricity of the PTST power generation unit. ge is the generation efficiency of
the PTST power generation unit and is equal to 0.37. gv is efficiency whose plus sign shows the heat storage,
and minus sign shows the heat release, and it is a value of 0.75. Qu and Qv denote the effective heat energy
yield of solar heat collection subsystem and the heat energy that heat storage tanks may provide, respectively
which can be calculated by (4) and (5).

Qu ¼ gmgtIS (4)

where gm is the solar energy collection efficiency of the PTST power generation unit and is equal to 0.38. gt is
the heat transfer efficiency between the solar energy collection subsystem and generation subsystem and is
equal to 0.95. I is solar radiation and can be calculated by (6) to (9). Sis solar energy collection area of the
PTST power generation unit.

Qv ¼ m0tscðTH � TLÞ (5)

wherem0 is the heat storage medium quantity of flow. ts is the heated time of the heat storage medium. c is the
specific heat capacity of the heat storage medium. TL and TH are the inlet temperature and the outlet
temperature of heat storage tanks, respectively.

Heat storage tanks are designed to extend the time it takes to generate electricity after the sun sets at
night and to store excess solar radiation during the day when solar energy is surplus. Therefore, after
adding the heat storage tanks, the available heat collection of PTST power generation system will
increase. Although it will increase the cost of system investment and maintenance, it will also increase
the annual net power generation.

The I appeared in (4) is the solar radiation [32], which is the amount of solar radiation reaching the
condenser surface in unit time and unit area. Besides, this is one of the necessary conditions for
calculating the generating capacity of the PTST power generation unit, which has something to do with
the nature of solar radiation. The calculation methods of solar radiation at any time and place are shown
as follows:

I ¼ I0ðsb þ sdÞ (6)

sb ¼ a0þa1 � exp½�k1 � q� (7)

sd ¼ 0:2710� 0:293sb (8)

I0 ¼ Gscð1þ 0:33cosð360 � n=365ÞcoshzÞ (9)

where I is solar radiation. I0 is solar radiation outside the atmosphere. sb and sd denote direct radiation
atmospheric transparency and scattered atmospheric radiation transparency, respectively. a0, a1 and k1 are
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physical constants of bright sky atmosphere with 23 kilometers visibility, which are equal to 0.95, 0.99, and
1.02, respectively. Gsc denotes solar constant and is a value of 1353 W·m−2. n is the sequence number of the
desired day in a year. hz and q are zenith angle and air quality, which are obtained from (10) and
(11), respectively.

coshz ¼ sinqsindþ cosdcosqcosx (10)

q ¼ 1=sinaða � 30oÞ
½1229þ ð614sinaÞ2�1=2 � 614sinað20o � a � 30oÞ

�
(11)

where q is the latitude of the desired location. a is the solar altitude, which is the complement angle of the hz in
(10). d andx are declination angle and solar hour angle, respectively, and can be calculated by (12) and (13).

d ¼ 23:45sin ð360 � ðnþ 284Þ=365Þ (12)

x ¼ 15ðTb þ ðL� LmÞ=15 þ e=60 � 12Þ (13)

where Tb is mean solar time (Beijing time in 24 hours system). L is the longitude of the desired location. Lm is
the Longitude of Beijing. e is the difference between mean solar time and true solar time.

The total investment cost in the whole life-cycle can be converted into annual investment cost, which can
be expressed as:

Ycost ¼ Ytotal
d � ð1þ dÞl
ð1þ dlÞ � 1

(14)

where Ycost represents the annual investment cost. d is the interest rate and is equal to 0.08. l is the life
expectancy of the system, which is a value of 50 years.

3.2 Natural Gas Consumption Model
Primary energy can be further divided into two categories: Renewable energy and non-renewable energy.

Non-renewable energy cannot be recovered in the short term, and the reserves become less and less because of
its large-scale development and utilization. Non-renewable energy consumption can be expressed as:

Ycon ¼
X3
j¼1

XK
k¼1

X24
t¼1

ðFtur;jtk þ Fbio;jtk þ Ebuy;jtk

ggen
reÞ (15)

where Ycon represents natural gas consumption which is in cubic meters. ggen is the generation efficiency of
thermal power plants. re is the primary energy conversion coefficient for each kilowatt-hour of electricity
generated by thermal power plants.

3.3 Environment Model
In this paper, the environmental performance index of the PTST power generation system is evaluated

by calculating the CO2 emission of the system and comparing it with those of conventional separate heat and
power systems. The emissions of carbon dioxide can be calculated by:

Yrel ¼
X3
j¼1

XK
k¼1

X24
t¼1

ððFtur;jtk þ Fbio;jtkÞlf þ
Ebuy;jtk

ggen
leÞ (16)

where Yrel is carbon dioxide emissions which are in kilograms. lf is a carbon dioxide conversion coefficient
for natural gas. le is a carbon dioxide conversion coefficient for coal.
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4 Operation Strategies

The output characteristics of the system can be analyzed from a clear perspective after determining that
the system is operating with a particular strategy. In general, there are two basic operation strategies for
CCHP systems, which are following the thermal load (FTL) and following the electric load (FEL) [33–
36]. FTL gives priority to meeting the heat and cold load of the system, and then meets the electric load
on this basis. The large power grid supplements the insufficient electric, and the excess electricity is sold
to the large power grid. FEL gives priority to meeting the electric load of the system and then meets the
heat and cold load on this basis. The insufficient thermal is supplemented by the gas boiler, and the
excess thermal is discharged to the atmosphere. Based on these two basic strategies, this paper sets eight
strategies for the PTST-CCHP system.

4.1 Following the Electric Load (FEL)
Under this operation strategy, priority is given to the electricity generated by the PTST power generation

unit to meet the EL. The surplus electricity is sold to the large power grid, and the gas turbine supplements
insufficient electricity. On this basis, the heat generated by the gas turbine is provided to the HL and CL. The
gas boiler supplements the insufficient heat, and the surplus heat escapes into the atmosphere.

4.2 Following the Electric Load with Electric Cooling (FEL-EC)
Under this operation strategy, electric cooling is introduced into the system. Priority is given to the

electricity generated by the PTST power generation unit to meet the EL and electric cooling load. The
surplus electricity is sold to the large power grid, and the gas turbine supplements insufficient electricity.
On this basis, the heat generated by the gas turbine is provided to HL and absorption refrigerator load.
The gas boiler supplements the insufficient heat, and the surplus heat escapes into the atmosphere.

4.3 Following the Electric Load with Thermal Energy Storage (FEL-TES)
This operation strategy introduces thermal energy-storage subsystem heating mode into the system. The

electricity generated by the PTST power generation unit has the priority of meeting the EL. The surplus
electricity is sold to the large power grid, and insufficient electricity is supplemented by the gas turbine. On
this basis, the heat generated by the gas turbine and thermal energy storage subsystem is provided to HL
and CL. The gas boiler supplements the insufficient heat, and the surplus heat escapes into the atmosphere.

4.4 Following the Electric Load with Thermal Energy Storage and Electric Cooling (FEL-TES&EC)
Under this operation strategy, thermal energy-storage subsystem heating mode and electric cooling are

introduced into the system concurrently. Priority is given to the electricity generated by the PTST power
generation unit to meet the EL and electric cooling load. The surplus electricity is sold to the large power
grid, and the gas turbine supplements insufficient electricity. The heat generated by the gas turbine and
thermal energy storage subsystem is provided to HL and absorption refrigerator load. The insufficient
heat is supplemented by the gas boiler, and the surplus heat escapes into the atmosphere.

4.5 Following the Thermal Load (FTL)
Under this operation strategy, priority is given to the heat generated by the gas turbine to meet the HL

and CL. On this basis, the electricity generated by the gas turbine and the PTST power generation unit is
provided to the EL. The large power grid supplements the insufficient electricity, and the surplus
electricity is sold to the large power grid.

4.6 Following the Thermal Load with Electric Cooling (FTL-EC)
Under this operation strategy, electric cooling is introduced into the system. The heat generated by the

gas turbine has the priority to meet the HL and absorption refrigerator load. On this basis, the electricity
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generated by the gas turbine and the PTST power generation unit is provided to the EL and electric cooling
load. The large power grid supplements the insufficient electricity, and the surplus electricity is sold to the
large power grid.

4.7 Following the Thermal Load with Thermal Energy Storage (FTL-TES)
Under this operation strategy, the thermal energy-storage subsystem heating mode is introduced into the

system. Priority is given to the heat generated by the gas turbine and thermal energy storage subsystem to
meet the HL and CL. On this basis, the electricity generated by the gas turbine and the PTST power
generation unit is provided to the EL. The large power grid supplements the insufficient electricity, and
the surplus electricity is sold to the large power grid.

4.8 Following the Thermal Load with Thermal Energy Storage and Electric Cooling (FTL-TES&EC)
Under this operation strategy, thermal energy-storage subsystem heating mode and electric cooling are

introduced into the system concurrently. Priority is given to the heat generated by the gas turbine and thermal
energy storage subsystem to meet the HL and absorption refrigerator load. On this basis, the electricity
generated by the gas turbine and the PTST power generation unit is provided to the EL and electric
cooling load. The large power grid supplements the insufficient electricity, and the surplus electricity is
sold to the large power grid.

5 Case Study

In this paper, a residential building cluster in Beijing requiring a lot of energy is studied. Taking one year
as the research interval and dividing it into three quarters, summer, winter, and transition seasons, to analyze
the operation of a typical day in each quarter with a time interval of one hour.

5.1 Load Characteristics
The annual hourly load of the buildings cluster is shown in Fig. 2. Different colors represent the load

curves of a typical day of winter, summer, and transition season, respectively.

5.2 Solar Radiation
Annual hourly solar radiation in Beijing is shown in Fig. 3. There is a gap in solar radiation between each

quarter, which will inevitably lead to a change in the generating capacity of the PTST power generation unit,
affecting various evaluation indexes. Therefore, it is necessary to study the operation of the system quarterly.
The amount of solar radiation on a typical day in each quarter is shown in Fig. 4.

5.3 Configuration Optimization
The hill-climbing algorithm (HCA) [37–40] is adopted to find the optimal solutions for the PTST-CCHP

system. Hill climbing algorithm (HCA) is a local optimal method that adopts a heuristic method and is an
improvement of depth-first search. It uses feedback information to help generate decisions about
solutions. The main ideas of HCA are as follows:

Step 1: Choose a starting point at random.

Step 2: Each time, the adjacent point is compared with the current point, and the better one is taken as the
next step of climbing.

Step 3: Repeat Step 2 until the point is no longer adjacent to any point larger than it.

Step 4: This point is selected as the peak of the climbing, which is the optimal solution obtained by the
algorithm.
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5.3.1 Optimal Configuration of FEL
Ycon and Yrel in Figs. 5(a) and 5(b) gradually increase with the increase of K, and decrease first and then

remain unchanged with the growth of S. In Fig. 5(c), Ycost decreases first and then increases with the increase
of K, and increases gradually with the rise of S. It can be seen that, under this operation strategy, the gas
turbine will not be involved in the operation when S increases to a specific value. The EL demand can be
completely satisfied by the PTST power generation unit, and the HL and CL demand can be satisfied by
the gas boiler so that Ycon and Yrel will no longer change with S.
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Figure 2: Hourly load curve of a typical day

Figure 3: Annual solar irradiance in Beijing

Figure 4: Solar irradiance of a typical day in Beijing
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5.3.2 Optimal Configuration of FEL-EC
As shown in Figs. 6(a) and 6(b), Ycon and Yrel gradually increase with the increase of K and decrease with

the rise of S, but the slope changes. In Fig. 6(c), Ycost decreases first and then increases with the increase of K,
and increases gradually with the rise of S. It can be seen that, under this operation strategy, the intervention of
electric cooling makes the demand ratio of thermal and electricity change. The output rate of the gas turbine
changes when S increases to a specific value.

5.3.3 Optimal Configuration of FEL-TES
In Figs. 7(a) and 7(b), Ycon and Yrel increase with the increase of K, but the slope changes. And they

gradually decreased with the rise of S. In Fig. 7(c), Ycost decreases first and then increases with the
growth of K, and increases gradually with the increase of S. It can be seen that, under this operation
strategy, the intervention of the thermal energy storage subsystem heating mode leads to the change of
the heating capacity. The output rate of the gas boiler changes when K increases to a certain value.

5.3.4 Optimal Configuration of FEL-TES&EC
Ycon and Yrel in Figs. 8(a) and 8(b) increase with the increase of K with a slight change in slope and

decreased with the rise of S with a significant change in slope. In Fig. 8(c), Ycost decreases first and then
increases with the increase of K, and increases gradually with the increase of S. It can be seen that, under
this operation strategy, the intervention of electric cooling makes the demand ratio of thermal and
electricity change. The intervention of the thermal energy-storage subsystem heating mode leads to the
change of the heating capacity. The output rate of the gas turbine and gas boiler both changes.

Figure 5: The optimization results of FEL (a) Non-renewable energy consumption (b) CO2 emissions (c)
Annual investment
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Figure 6: The optimization results of FEL-EC (a) Non-renewable energy consumption (b) CO2 emissions
(c) Annual investment

Figure 7: The optimization results of FEL-TES (a) Non-renewable energy consumption (b) CO2 emissions
(c) Annual investment
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5.3.5 Optimal Configuration of FTL
As shown in Figs. 9(a) and 9(b), Ycon and Yrel increase gradually with the increase of K and remain

unchanged with the growth of S. In Fig. 9(c), Ycost decreases first and then increases with the rise of K,
and increases gradually with the increase of S. It can be seen that the change of S does not affect the
environment and energy indicators. Therefore, it is meaningless to introduce new energy into the PTST-
CCHP system under this strategy.

5.3.6 Optimal Configuration of FTL-EC
Figs. 10(a) and 10(b) show that Ycon and Yrel increase gradually with the increase of K and remain

unchanged with the addition of S. In Fig. 10(c), Ycost decreases first and then increases with the rise of K,
and increases gradually with the increase of S. It can be seen that the only difference between this
strategy and FTL strategy is that the demand ratio of the thermal and electric changes. The change of S
does not affect the environment and energy indicators either. Therefore, it is also meaningless to
introduce new energy into the PTST-CCHP system under this strategy.

5.3.7 Optimal Configuration of FTL–TES
Ycon and Yrel in Figs. 11(a) and 11(b) gradually increase with the increase of K and decrease with the rise

of S. In Fig. 11(c), Ycost first decreases and then increases with the rise of K, and gradually increases with the
rise of S, but there are apparent fluctuations. It can be seen that, under this operation strategy, the demand of
HL and CL need to be satisfied first, and the electricity generated by the PTST-CCHP system will interact
with the large power grid frequently due to capacity constraints so that Ycost will fluctuate with the change

Figure 8: The optimization results of FEL-TES&EC (a) Non-renewable energy consumption (b) CO2

emissions (c) Annual investment
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of S. The change of S affects the environmental index and energy index due to the intervention of the thermal
energy-storage subsystem heating mode.

5.3.8 Optimal Configuration of FTL-TES&EC
As shown in Figs. 12(a) and 12(b), Ycon and Yrel gradually increase with the increase of K and decrease

with the increase of S, but the slope changes. In Fig. 12(c), Ycost first falls and then increases with the rise of
K, and gradually increases with the increase of S, but there are obvious fluctuations. It can be seen that, under
this operation strategy, Ycost will still fluctuate with S due to frequent electricity exchange between the PTST-
CCHP system and the large power grid. The change of S affects the environmental index and energy index
due to the intervention of the thermal energy-storage subsystem heating mode. Besides, the intervention of
electric cooling makes the demand ratio of thermal and electricity change. The output rate of the gas turbine
changes when S increases to a certain value.

5.4 Comparison of Optimal Indicators under Each Strategy
From the analysis of 5.3, it can be concluded that strategy FTL and strategy FTL-EC are meaningless for

the introduction of solar energy in this PTST-CCHP system. Therefore, the remaining six strategies are
analyzed. In addition to economic, energy, and environmental indicators, comprehensive indicators have
been added. To get the comprehensive indicators, the natural gas consumption in the energy indicator is
converted into the required RMB. The price of natural gas for power generation in Beijing is
2.31 RMB/m3 (Data from BEIJING GAS [41]). The marginal abatement costs of CO2 in Beijing in
2019 are 19326 RMB/ton [42]. Finally, the comprehensive indicator is equal to the value of the economic
indicator plus the costs of natural gas consumption and the marginal abatement costs of CO2.

Figure 9: The optimization results of FTL (a) Non-renewable energy consumption (b) CO2 emissions
(c) Annual investment
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5.4.1 Annual Indicators Comparison
As shown in Figs. 13(a) and 13(b), the environmental indicators and energy indicators of FEL, FEL-EC,

FEL-TES, FEL-TES&EC were decreased successively. The environmental indicators and energy indicators
of FTL-TES, FTL-TES&EC were successively reduced. It is proved that the intervention of thermal energy-
storage subsystem heating mode and electric cooling can improve the environmental and energy performance
of the system. In Fig. 13(c), the economic indicators of FEL-EC and FEL-TES are both higher than those of
the FEL strategy. This proved that adding the thermal energy-storage subsystem heating mode or electric
cooling alone will increase the cost; the economic indicator of FEL-TES&EC is lower than that of FEL-
EC but higher than that of FTL-TES. This proved that the cost would be reduced by introducing the
thermal energy-storage subsystem heating mode based on adding the electric cooling; the economic
indicator of FTL-TES is lower than that of FEL-TES, while the economic indicator of FTL-TES&EC is
higher than that of FEL-TES&EC. It is proved that it is more cost-saving to introduce the thermal energy-
storage subsystem heating mode alone when running in the mode of power determined by heat but it is
more cost-saving to introduce the thermal energy-storage subsystem heating mode and the electric
cooling simultaneously when running in the style of heat determined by power. As shown in Fig. 13(d),
in the mode of heat determined by power, FEL-TES&EC has the lowest composite indicator in the four
effective strategies. In the style of power determined by heat, FTL-TES&EC has the lowest composite
indicator in the two effective strategies. It is also proved that the integrated performance of the system
can be improved by the intervention of thermal energy-storage subsystem heating mode and electric cooling.

5.4.2 Quarterly Indicators Comparison
Due to the vast difference in thermal load demand between winter and summer, it is necessary to

compare the optimal performance indicators of each strategy quarterly.

Figure 10: The optimization results of FTL-EC (a) Non-renewable energy consumption (b) CO2 emissions
(c) Annual investment
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As shown in Figs. 14(a) and 14(b), the environmental and energy indicators of FTL-TES are higher than
those of FEL-TES in summer, while the environmental and energy indicators of FTL-TES are lower than
those of FEL-TES in winter. The same is true for the comparison of FEL-TES&EC and FTL-TES&EC. It
is proved that the mode of power determined by heat has advantages in environmental and energy
performance when the thermal demand is higher than electric demand.

As shown in Fig. 14(c), in terms of economic indicators, the situation of three quarters is consistent with
the whole year.

As shown in Fig. 14(d), FTL-TES&EC has the lowest composite indicator in summer, FTL-TES has
the lowest composite indicator in winter, and FTL-TES&EC has the lowest composite indicator in the
transition season.

5.4.3 System Output Comparison on Typical Days in Different Quarters of Different Strategies
The optimal operation strategy is to increase the heat storage subsystem heating mode of PTST generator

set and the cooling mode of the electric refrigerator. However, electric heating and electric heating have their
advantages under different thermal load demands. The following is to compare the strengths and weaknesses
of the FEL-TES&EC strategy and FTL-TES&EC strategy by analyzing the output of the subsystems in
each quarter.

Figs. 15 to 17 show the power output of a typical gas turbine, solar generator set, and a large grid in
each quarter.

Figure 11: The optimization results of FTL-TES (a) Non-renewable energy consumption (b) CO2 emissions
(c) Annual investment
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As seen from Figs. 15–17. First, the power output of solar power generators under the FEL-TES&EC
strategy and FTL-TES&EC strategy is consistent. Second, output of the gas turbine of the FEL-TES&EC
strategy is stable, while of FTL-TES&EC strategy changes frequently. The number of parallel gas
turbines in this system is large, so the frequent output change is not conducive to the efficient use of fuel,
and is not conducive to the unit life extension. Third, the power purchased from the large power grid
under the strategy of FEL-TES&EC is significantly lower than that under the strategy of FTL-TES&EC.
And the power purchased from the large power grid in large quantities violates the original design
intention of the CCHP systems. Therefore, the FEL-TES&EC policy is more suitable for this system.

Figs. 18–20 show the thermal energy output of a typical gas turbine, solar thermal generator, and gas-
fired boiler in each quarter.

As seen from Figs. 18–20. First, the thermal energy output of solar power generators under the FEL-
TES&EC strategy and FTL-TES&EC strategy is consistent. Second, the thermal energy output of the gas-
fired boiler under the two strategies remains the same, with only slight differences in the output force at
some time. Third, similar to the power output, the thermal energy output of gas turbines in the
FTL-TES&EC strategy is also less stable than that of the FEL-TES&EC strategy. Therefore, the
FEL-TES&EC policy is more suitable for this system.

Figure 12: The optimization results of FTL-TES&EC (a) Non-renewable energy consumption (b) CO2

emissions (c) Annual investment
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5.5 Compared with the Indicators of the SP System
In Fig. 21, the annual investment cost of the FEL-TES&EC strategy decreases with the increase of the

life-cycle. In Fig. 22, the saving rate of investment cost is negative in the first few years of the life-cycle,
indicating that the annual investment cost of the FEL-TES&EC strategy is higher than that of the SP
system. With the increase of the life-cycle, the saving rate of investment cost is positive, indicating that
the annual investment cost of the FEL-TES&EC strategy is lower than that of the SP system.

Tab. 1 shows the economic indicators of the FEL-TES&EC strategy are higher than that of the SP
system in the initial years, but the environmental indicators and energy indicators are lower than that of
the SP system.

Tab. 2 shows the economic indicators of FEL-TES&EC every five years. The PTST-CCHP system can
achieve better economic performance than SP systems in 5 years.

Figure 13: Annual indicators comparison (a) Energy indicators (b) Environmental indicators (c) Economic
indicators (d) Composite indicators
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Figure 14: Quarterly indicators comparison (a) Energy indicators (b) Environmental indicators (c)
Economic indicators (d) Composite indicators

Figure 15: Power output in summer (a) FEL-TES&EC strategy (b) FTL-TES&EC strategy
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Figure 18: Thermal energy output in summer (a) FEL-TES&EC strategy (b) FTL-TES&EC strategy

Figure 16: Power output in winter (a) FEL-TES&EC strategy (b) FTL-TES&EC strategy

Figure 17: Power output in the transition season (a) FEL-TES&EC strategy (b) FTL-TES&EC strategy
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Figure 19: Thermal energy output in winter (a) FEL-TES&EC strategy (b) FTL-TES&EC strategy

Figure 20: Thermal energy output in the transition season (a) FEL-TES&EC strategy (b) FTL-TES&EC
strategy

1.0

0.5

0

1.5

2.0

2.5
109

Life-cycle (year)

0 10 15 20 25 30 35 40 45 505

A
nn

ua
l i

nv
es

tm
en

t (
¥)

Figure 21: The annual investment
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6 Conclusions

This paper established a new PTST-CCHP system that introduced the PTST power generation technology
based on the traditional CCHP system. The energy utilization forms are various, which can provide both
electrical and thermal energy. Eight operation strategies were studied, and configuration optimization is
performed for each strategy. The advantages and disadvantages of each strategy were studied by comparing
the performance of each strategy under the optimal configuration. Then, the performance indexes of each
strategy were compared with those of the SP system. The conclusions were as follows:
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Figure 22: The saving rate of investment cost

Table 1: Index comparison of FEL-TES&EC strategy and SP system

Indexes SP FEL-TES&EC

S(m2) — 518239

K — 45

Ycost (10
4 ¥) 47,515.3 189,070.8

Ycon (m
2) 198782911.5519 31564220.185

Yrel (kg) 390409638.2879 61992128.443

Table 2: Annual investment of FEL-TES&EC every five years (104 ¥)

Year Annual investment

Fifth year 47,354.0

Tenth year 28,177.1

Fifteenth year 22,089.1

Twentieth year 19,257.3

Twenty-fifth year 17,711.9

Thirtieth year 16,794.7

Thirty-fifth year 16,222.9

Fortieth year 15,855.5

Forty-fifth year 15,614.8

Fiftieth year 15,455.2
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The combination of traditional CCHP and PTST power generation technology can greatly improve the
environmental performance and energy performance of the system. As the cost of the PTST generator set is
high, the overall construction cost of the system will also increase, which mainly comes from the installation
cost of the initial PTST. However, in the life cycle, with the increase of the operating life of the system, the
benefits brought by the improvement of system environmental performance and energy performance are
more than the later operation and maintenance costs of PTST. Therefore, in the case of long-term
production, the overall performance of the PTST-CCHP system is better than the distributed supply system.

At the same time, the use of heat storage subsystem heating mode and electric cooling mode is the best
choice. The choice of strategy depends on who is in great demand for electricity or heat. When the power
demand is greater than the thermal demand, FEL-TES&EC has the advantage, while when the thermal
demand is greater than the power demand, FTL-TES&EC has the advantage.
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