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Abstract. Renewable energy is widely used in combined cooling, heating and power (CCHP) systems. This is
important for building a low-carbon, flexible, multi-energy complementary energy system. However, coupling
different renewable energy sources can have a somewhat differentiated impact on the performance of the
system. In this study, an approach combining a long short-term memory (LSTM) network with multiple
optimization algorithms is proposed. Comparative performance analysis of CCHP systems coupling solar
and wind subsystems is conducted. Firstly, the renewable energy output is predicted by LSTM. Then, the
Pareto frontiers of the coupled renewable energy CCHP system are generated by the Non-dominated Genetic
Sorting Algorithm. The results are fed into the distance between superior and inferior solution methods to
arrive at a decision, completing the multi-objective optimization of the system. Results show that the CCHP
system coupling photovoltaic (PV) and solar collector (ST) is superior to the CCHP system coupling photo-
voltaic-photovoltaic-thermal integrated device. The system performance can be further improved by adding

wind turbines to the integrated system coupling PV and ST.
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1 Introduction

The increasing global consumption of fossil energy has
led to a series of environmental and ecological problems
[1]. In the face of the impact of energy consumption and
greenhouse gas emissions on human society, there is an
urgent need to optimize the energy system and establish a
more ecological and environmentally friendly energy system
[2, 3]. The combined cooling, heating and power (CCHP)
system enables the gradual utilization of energy and inte-
grates multiple energy supply methods [4]. Traditional
CCHP systems use natural gas as the primary energy source
to power the system, which is not easy to maximize the
advantages of energy saving and emission reduction [5, 6].
It is necessary to increase the penetration of renewable
energy sources and to reduce carbon dioxide emissions [7].
In recent years, there has been a lot of research on the
CCHP system of coupled solar energy, biomass energy, wind
energy, geothermal energy and other renewable energy [8].
For example, in the research of CCHP systems with
coupled solar energy are: Ma et al. [9] proposed an interval
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scheduling method for CCHP systems with coupled solar
energy to optimize system performance. Jia et al. [10] pro-
posed a novel CCHP system combining an organic Rankine
cycle and a solar thermal (ST) to compare the CCHP
system and the annual total cost-saving rate (ATCSR)
under an electrical tracking strategy. Soheyli et al. [11]
proposed a CCHP system including photovoltaic (PV),
wind turbine (WT), and solid oxide fuel cell as prime
movers using a multi-objective particle swarm optimization
algorithm to determine the optimal number of each system
component. Ren et al. [12] optimized and compared a
hybrid CCHP system for three buildings under different
operating strategies: In system A solar energy is converted
to heat and electricity by ST and PV respectively, and
solar energy in system B is converted to thermal and
electrical energy by a photovoltaic thermal solar collector
(PVT). Ge et al. [13] proposed a solar-assisted natural
gas-distributed energy system with energy storage, designed
three scenarios with different structures, and investigated
their optimized configurations. Hassan et al. [14] modelled
and analyzed devices that combined solar photovoltaic
cells, wind turbines, micro-gas turbines and lithium-ion
batteries to improve the utilization ratio of renewable
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energy. Huneke et al. [15] proposed a hybrid power system
including PV, WT, diesel generator and batteries, which
was optimized using linear programming methods. The
results show that systems combining renewable energy with
batteries can effectively reduce energy costs compared to
stand-alone diesel generator sets. Stanek et al. [16] proposed
a CCHP system equipped with a photovoltaic power plant
and a biogas combustion engine to develop a more sustain-
able energy conversion system. Ruan et al. [17] proposed a
novel operational strategy optimization model based on
deep reinforcement learning to minimize the operational
cost of an energy system consisting of CCHP, PV, and
storage systems.

In the research of CCHP systems coupled with biomass
energy are: Wang et al. [18] proposed co-firing of biomass
and fossil energy as another way to use renewable energy
in CCHP systems; Zhang et al. [19] proposed a renewable
energy combined cooling, heating and electricity supply
system powered by a biogas combustion engine and photo-
voltaic panels; Li et al. [20] proposed a novel CCHP system
based on biomass gasification, which consists of a gas inter-
nal combustion engine, variable efficiency LiBr-H,O
absorption refrigeration and a dehumidifying air condi-
tioner with a dehumidifying heat exchanger. Wang et al.
[21] proposed a CCHP system driven by biomass energy
and assisted by solar collectors.

In the research of CCHP systems coupled with wind
energy are: Xu et al. [22] proposed that CCHP system
includes solar cells, diesel generators, wind turbines and
backup energy storage. Buonomano et al. [23] proposed a
CCHP system based on the combination of wind turbine
and photovoltaic technology and coupled energy storage
devices. Balali et al. [24] performed a cost and economic
analysis for CCHP systems coupled with wind and solar
power. Fang et al. [25] proposed an economic evaluation
method for an integrated system that coupled wind energy
and hydrogen energy to evaluate the economy of coupled
renewable energy.

In the research of CCHP systems coupled with geother-
mal energy are: Kang et al. [26] proposed a new CCHP
system, which is composed of a generator set, absorption
chiller, heat storage tank and GSHP. Kang et al. [27] config-
ured complementary cooling, heating, and electric organic
Rankine circulation systems with ground source heat
pumps to reduce variance and avoid excessive power or heat
output. Ling et al. [28] comprehensively analyzed the effects
of different variables on the efficiency of a CCHP system
that relies on geothermal energy. Yang et al. [29] proposed
that shallow geothermal energy be used as the cold source
of the cooling system, which broadened the idea for the
development and utilization of geothermal energy. Song
et al. [30] used solar energy and geothermal energy as two
kinds of renewable energy and realized the power genera-
tion of renewable energy by combining them with the power
system.

Previous studies on renewable energy mainly focused on
the utilization of solar, wind, geothermal, and other
resources. However, there is relatively little research on
the optimization of system performance. In this study, deep
learning and optimization algorithms are used to further
analyze the performance of CCHP systems coupled with

renewable energy sources, respectively. The impact of cou-
pled renewable energy CCHP systems on system perfor-
mance under different scenarios is further investigated.

The main work of this paper on the optimization of
CCHP system configuration for coupled renewable energy
sources includes:

1. A CCHP system coupling solar and wind energy is
constructed with the objective function of maximizing
the comprehensive benefits of the system.

2. Taking energy, economic and environmental benefits
as comprehensive evaluation indexes, the system
multi-objective optimization algorithm is established.

3. By using a long short-term memory (LSTM) network
to predict the output of renewable energy, the impact
of energy uncertainty on system performance is
reduced.

4. Comparison of the performance of CCHP systems
coupled to PV and ST, and CCHP systems coupled
to PVT for three types of buildings: office, residential,
and hotel. The system performance changes with and
without wind energy are further compared on this
basis.

2 CCHP systems coupled with renewable
energy sources

2.1 CCHP system

The structure of the CCHP system with the sub-supply
system is shown in Figure 1. First, ICE consumes natural
gas to supply the electrical loads of the building and the
electricity required for the ground source heat pump
(GSHP). The shortfall of electricity is supplemented by
the grid and excess electricity is bought by the grid. In
addition, the absorption units and heat exchangers are
energized by recovered heat from ICE. The GSHP is
employed to meet the insufficient cooling/heating loads.
In a separate system, the electrical load of the building
and GSHP is provided by the grid. The GSHP provides a
cooling/heating load.

2.2 CCHP system coupled with solar subsystems

Solar energy can be coupled to CCHP systems in a variety
of forms, such as PV, ST, and PVT. PV converts solar
energy directly into electricity. ST utilizes solar heat for
heating. PVT further provides dual benefits of electricity
and heat by integrating photovoltaic and thermal energy
conversion technologies.

2.2.1 CCHP systems coupled with PV and ST

As shown in Figure 2, first, PV is used to supply the electri-
cal loads of the building and the electricity required for the
GSHP. When electricity is low, the internal combustion
engine (ICE) consumes natural gas for supplemental
electricity supply. When electricity is still insufficient, it is
supplemented by the grid and excess electricity is bought
by the grid. In addition, the absorption unit absorbs heat
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Fig. 2. PV and ST coupled CCHP system and separate system structure diagram.
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Fig. 3. PVT coupled CCHP system and separate system structure diagram.

generated by ST and heat generated when ICE is started to
supply cooling/heating loads. The GSHP is employed to
meet the insufficient cooling/heating load. In a separate
system, the electrical load of the building and GSHP is
provided by the grid. The GSHP provides a cooling/heating
load.

2.2.2 CCHP systems coupled with PVT

As shown in Figure 3, first, PVT is used to supply the elec-
trical loads of the building and the electricity required for
the GSHP. When electricity is low, ICE consumes natural
gas for supplemental electricity supply. When electricity is
still insufficient, it is supplemented by the grid, and excess
electricity is bought by grid. In addition, the absorption
unit absorbs heat generated by PVT and heat generated
when ICE is started to supply cooling/heating loads. The
GSHP is employed to meet the insufficient cooling/heating
loads.

2.2.3 CCHP systems coupled with solar and wind
subsystems

As shown in Figure 4, first, WT and PV are used to supply
the electrical loads of the building and the electricity
required for GSHP. When electricity is low, ICE consumes
natural gas for supplemental electricity supply. When
electricity is still insufficient, it is supplemented by the grid
and excess electricity is bought by the grid. In addition, the

absorption unit absorbs the heat generated by ST and the
heat generated when ICE is started to supply cooling /heat-
ing loads. The GSHP is employed to meet the insufficient
cooling/heating loads.

3 Mathematical models and evaluation
indicators

3.1 Mathematical models

Renewable energy equipment in a CCHP system coupled
with renewable energy includes: PV, ST, PVT and WT.
Below are specific models of each device:

3.1.1 Mathematical model of PV

The amount of power generated by PV depends on the area
laid, the solar radiation illumination and the outdoor
temperature of the location.

Epy = ApyInpy = Apy D[l — B(Ty — Tree) + yLogI], (1)

T, = T,+ (T, — 20)1/800, 2)

where Fpy is the amount of electricity generated by
PV (kW); Apy is the area of PV laid (m?); Iis the amount
of solar radiation in the area (W - m™?); npy is PV power
generation efficiency (%); #wer is the efficiency of the
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Fig. 4. Structural diagram of wind and solar subsystem coupled CCHP system and separate system.

reference module at a reference temperature T,.; and solar
irradiance I on the module equal to 1000 W - m ™2, gener-
ally taken as 12.5%; f is the solar radiation coefficient of
PV panel, typically 0.0045 °C™'; T, is the temperature
of the battery (°C); T, is the reference temperature of
the reference module, taken as 25 °C; v is the temperature
coefficient of PV, typically 0.12 °C™%; T, is the ambient
temperature (°C); T, is the temperature of the battery
when working underrated working condition, take 45 °C.

3.1.2 Mathematical model of ST

ST is converted to heat by absorbing solar energy and the
heat produced is:

Qsr = AstNsrngrl, (3)

Nsr = 0.7 —asp(Tsy — Tu)/1, (4)

where Qg is the heat production of ST plate (kW); AST is
the area of each ST plate, generally taken as 3.76 m?; Ngp
is the number of slices laid on ST board; ngr is ST plate
efficiency (%); ast is ST solar radlatlon coefﬁment gener-

ally taken as 2.5 W - (m? - k)™'; Tgr is ST plate temper-
ature, which is 40 °C in winter and 70 °C in summer.

3.1.3 Mathematical model of PVT

PVT panels are a cogeneration device. It can convert solar
energy into electricity and generate waste heat to provide
thermal energy for the system. PVT panels generate
electricity and heat as:

Epyr = Apyr Npyrhpyr(1/1000), (5)

Qpyr = Apvr[0.9I(1 T,)]/1000,

(6)

where Fpy is the amount of electricity generated by PVT
panels (kW); Apyr is the area of each PVT panel, gener-
ally taken as 1.6 m? Npyr is the number of pieces of PVT
board laid; #pyr is PVT plate efficiency (%) Qpvy is the
heat productlon of PVT panels (kW); opyr is the temper-
ature coefficient of PVT plate, which is taken as
9.12 W - (m? - k) *; Tpyr is PVT plate temperature (°C).

The equations for npyr and Tpyr are shown in (7)
and (8):

— Npyr) — opvr( Tpyr —

Tpyr = 30 + 0.0175(1 — 300) + 1.14(T, — 25),  (7)

npyr = 0.155(1 — Bpyr(Tevr — 25)), (8)
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where fpyr is PVT plate temperature coefficient, gener-
ally selected 0.43% - °C~'

3.1.4 Mathematical model of WT

The performance of the WT is mainly affected by wind
speed and power rating. The WT output is when the hub
height is set to 36 m:

0 0 S U,s‘,/, S Uin/vs,l, > Uout 5
E\\'T = {El\%tlc(vst - vout)/(vrate - Uin)

rate
E\\'T Urate < vs,t S Uout

Uin S Us,t S Vout

) (9)

where Ewr is the WT generation capacity (kW); Eyy is
the WT power rating, taken as 20 kW v, ,is the wind speed
(m + s7); Vo is the cut-out wind speed, set to 20 m - s ;
Urate 1 the rated wind speed, set at 8.5 m - s~ vy, is the
cut-in wind speed, set at 2.75 m - s~ .

3.2 Evaluation indicators

In this study, energy benefits, economic benefits, and envi-
ronmental benefits are used as comprehensive evaluation
indexes of the system.

3.2.1 Energy benefit

Primary energy includes natural gas consumed by ICE
and fossil energy consumed by purchased electricity. The
primary energy savings rate (PESR) is calculated by the
formula:

PE = F 0 + (Egia + Ecsnp) e, (10)

PESR = (PEsp — PEccnp ) /PEsp, (11)

where oy is the standard coal conversion factor for natural
gas combustion (kJ - m™?); a, is the standard coal conver-
sion factor (kJ - (kWh)™') for power plant generation;
Eqiq is grid purchased power, excluding GSHP’s power
purchased from the grid (kW); Eqsup is the power con-
sumption (kW) for GSHP operation; PEgp is the annual
primary energy consumption of the separate system
(kJ); PEccgp is the annual primary energy consumption
of the CCHP system.

3.2.2 Economic benefit

The total annual cost includes the cost of purchased elec-
tricity, purchased gas, carbon tax and initial investment
in equipment. The total annual cost is calculated by the
formula:

ATC = C(grid + ngb + RZ Cz - EsaleP - ,uCDEa (12)
Cgrid = (Egrid + EGSHP)Pev (13)

Cgas = F,Py, (14)

where Cyiq is the grid power purchase cost, including the
amount of power purchased to satisfy the electric load and

EGSHP (CHY); Cy,s is the cost of gas purchases (CNY);
E.e is the feed-in tariff (kW); P is feed-in tariff
(CNY - (kW) ™); u is the carbon tax (CNY - (kg)™');
P, is the grid purchase price of electricity
(CNY - (kW)™ '); F, is ICE gas consumption(m®); P is
the gas purchase price (CNY).

ATCSR = (ATCsp — ATCccnp)/ATCsp  (15)

where ATCSR is the annual total cost savings rate (%);
ATCgp is the total annual cost of the separate system
(CHY); ATCccmp is the annual operating cost of the
CCHP system(CNY).

3.2.3 Environmental benefit

CO, emissions include CO, from burning natural gas and
CO, from power plants. The CO, reduction rate is calcu-
lated as:

CDE = Fgéf + (Egrid + EGSIIP)5€7 (16)

CDER = CDEgp — CDE¢cpp/CDEgp, (17)

where 0y is the CO, emission factor for natural gas com-
bustion (kg - m™?); §, is the CO, emission factor for power
plant electricity generation (kg - m~*); CDER is the CO,
reduction rate(%); CDEgp is the annual CO, emissions
from theseparate system (kg); CDEccgp is the annual
CO; emissions of the CCHP system.

3.2.4 Combined benefits

Considering the influence of different performance evalua-
tion indicators on the system, the weights of different indi-
cators are calculated using the analytic hierarchy process
(AHP). Figure 5 shows the hierarchy of composite
indicators.

The AHP obtains a judgment matrix based on the
importance of the indicators. The meanings of the scales
and the optimization parameters are shown in Tables 1
and 2, respectively.

The comprehensive performance (CP) of the systems
are:

CP = ,PESR + 0,ATCR + w;CDER,  (18)

where w; is the weight of the energy indicator; w, is the
weight of the economy indicator; w3 is the weight of the
environment indicator. All three weights are calculated
by AHP.

The corresponding weights of each indicator are calcu-
lated as w; = 0.1634, w, = 0.5396 and ws; = 0.2907
respectively.

4 LSTM and optimization algorithms

There are two optimization efforts in this study: 1) LSTM-
based renewable energy output prediction. 2) Multi-
objective optimization based on non-dominated sorted
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Table 1. AHP scale meaning.

Scale Meaning

Equally important
Slightly important
Clearly important
Overriding importance
Extremely important
Median value of adjacency judgment

N © 3 ot w —

Table 2. AHP optimization parameters.

Type Economics Environment Energy
Economy 1 3 2
Environment 1 1/2
Energy 1

genetic algorithm-IT (NSGA-IT) and Technique for Order
Preference by Similarity to Ideal Solution (TOPSIS).

The multi-objective optimization process is shown in
Figure 6. The NSGA-II algorithm is first used to generate
the set of Pareto frontier solutions. TOPSIS is then used
to calculate the distance between each solution and the
ideal and anti-ideal solutions. Finally, the distance value
obtained from the TOPSIS calculation is used to decide
the optimal solution.

4.1 LSTM

LSTM is a deep learning model that predicts time series
data. By backpropagation and gradient descent algorithm,
good performance is shown. LSTM can effectively mitigate
the problem of gradient disappearance or gradient explosion
by introducing a “gated cell” mechanism. LSTM cell struc-
ture consists of input gates (i), forget gates (f;), output
gates (o;), and memory gates (¢;). As shown in Figure 7.

The forget gate is responsible for receiving C;_; and
deciding which parts are retained and forgotten. It is repre-
sented by equation (19):

fi=o(W; by, Xi] + by). (19)

The memory gate is responsible for screening new informa-
tion to be stored in the cell state. It is represented by
equations (20)—(22):

?:t = O'( Wi . [htfh Xt] + bi), (20)
C,/ = tanh(Wc . [hzfl, Xt] + bC)7 (21)
Ci=fCri+i-C, (22)

The output gate determines the output value according to
the cell state. It is represented by equations (23) and (24):

0y =0(Wo - [h-1, X))+ b,), (23)

ht = Ot * tanh (Ct)7 (24)

where X is the input vector at moment ¢ C;_; is the cell
state at moment ¢ — 1; h; is the state of the cell at moment
t; Cy is the hidden layer state at moment ¢ h;_; is the
module output at moment ¢ — 1; ¢ is a sigmoid layer;
f+1s the output of the forget gate; W, is the weight matrix;
by is biased; [h,—1, Xj| represents two matrices spliced
together.

4.2 NSGA-II
The flow of NSGA-II is as follows:

1. Population initialization: Randomly generate a set of
individuals. Each individual contains a set of values
for the decision variables.

2. Fitness evaluation: Individual fitness is assessed and
objective function values are calculated.

3. Non-dominated sorting: Based on the individual
fitness value and the objective function value, the indi-
viduals are subjected to non-dominated sorting. Indi-
viduals are categorized into different non-dominated
tiers that serve as domination frontiers.

4. Congestion calculation: Inter-individual congestion
distances are computed in each dominant frontier.

5. Selection, crossover and mutation: A certain number
of individuals are selected based on non-dominated
sorting and congestion distance. Selected individuals
are subjected to crossover and mutation operations
to generate new individuals.

6. Renew population: The newly generated individuals
and the original population are merged into a new
population.

7. Repeat run: Repeat steps 2—6 until the specified termi-
nation condition is reached.

8. Output result: Extracting the Pareto Frontier from the
final population. The Pareto front represents the set of
optimal solutions under multiple objective functions.

The optimization parameters of NSGA-II algorithm are
shown in Table 3.
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4.3 TOPSIS

TOPSIS is a multi-criteria decision analysis method for
selecting the best decision option. TOPSIS compares the
distance between the decision solution and the ideal and
anti-ideal solutions to determine the optimal or optimal
approximate solution.

The basic steps of the TOPSIS method are as follows:

1. Standardization: identify guidelines for evaluating
and comparing decisions. The performance metrics
data for each decision are formed into a decision
matrix and normalized.

2. Weight setting: Normalized matrix normalization.
Indicator values are transformed into dimensionless
relative weights.

3. Calculate the ideal solution: Ideal and anti-ideal solu-
tions are determined based on the nature of each
criterion.

Selection/ Crossover/

TOPSIS

Standardization

|

Weight Sctting

|

Calculate The ldeal
Solution

|

Calculate The
Fuclidean Distance

|

Relative Proximity

Pareto Front

4. Calculate the Euclidean distance: Calculate the Eucli-
dean distance between each decision scheme and the
ideal and anti-ideal solutions.

5. Relative closeness: the relative closeness of each deci-
sion scheme to the ideal solution is calculated based
on the distance value. That is, the ratio of the distance
of the decision scheme to the ideal solution to the sum
of the distances to the ideal solution and the anti-ideal
solution is calculated.

6. Sort: the decision options are ranked and the optimal
or optimal approximate solution is determined from
highest to lowest.

5 Results and discussion
5.1 Relevant data

Shijiazhuang, Hebei Province, China is in the temperate
monsoon climate zone. It is hot in summer and cold in win-
ter, and the transition season is extremely short. Figure 8
shows hourly climate change in Shijiazhuang for a typical
year.

It can be seen from Figure 8a that outdoor temperature
from May 1 to September 30 is significantly higher than
other time periods. Therefore, in the following analysis,
the period from May 1 to September 30 is defined as the
cooling season. The rest of the year is defined as the heating
season. According to Figure 8b, annual sunlight exposure
ranges from 2200 to 3200 h. The average peak hours of
sunlight exposure ranged from 1387 to 1854 h. Radiation
levels ranged from 1393 to 1855 kWh - m 2. This creates
ideal conditions for photovoltaic power generation in the
Shijiazhuang area. According to Figure 8c, the maximum
value of wind speed in Shijiazhuang is 12.2 m - s~ !, which
varies seasonally throughout the year. Between 2020 and
2030, Shijiazhuang’s developable capacity for wind power
is estimated to be 2.1x10° kW, which could account for
3.33% of the province’s wind resources.

The loads of office, residential and hotel buildings
are simulated using DeST software based on outdoor
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Table 3. NSGA-II optimized parameters.

Optimization parameters Numerical value

Optimization parameters Numerical value

Initial population 100
Iteration times 30

Crossover probability 0.8
Mutation probability 0.05
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Fig. 8. Hourly climate change in typical years in Shijiazhuang area. a) Outdoor temperature, b) Solar radiation, ¢) Wind speed.

Table 4. Building information.

Type Office Residential Hotel
Storey height (m) 21.30 54.70 46.05
Building area (m?) 900.00 800.00 2 500.00
Total building air conditioning area (m?) 5564.61 7700.00 10122.00
Annual maximum cooling load (kW) 449.03 552.37 1608.08
Annual maximum heating load (kW) 538.92 562.15 891.00
Annual maximum electrical load (kW) 212.70 231.10 220.00
Annual cumulative cooling load (kW - h) 289 814.35 176 559.75 968 691.00
Annual cumulative heat load (kW - h) 356 757.69 341 416.12 842 090.00
Annual cumulative cooling load index (kW - m™?) 52.08 22.93 95.70
Annual cumulative heat load index (kW - m™?) 64.11 44.34 83.19

temperature and radiation. The results are shown in
Table 4. As can be seen from Table 4, the public areas
and guest rooms of hotel buildings have a higher demand,
requiring longer energy use and a larger energy use area.
Therefore, energy use is much higher than in office and res-
idential buildings. Its maximum annual cooling, heating,

and electrical loads are 1608.08 kW, 891.00 kW, and
220.00 kW, respectively. The cumulative cooling and heat-
ing load indicators for the year are 95.70 kW - m™? and
83.19 kW - m™ % respectively. The cumulative cooling
and heating loads for the year are 968,691 kW - m and
842,090 kW - m, respectively.
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Fig. 9. Comparison of predicted and actual outdoor temperature values and prediction error.
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Fig. 11. Comparison of wind speed prediction and actual value and prediction error.

5.2 Renewable energy output prediction

Forecasting renewable energy output scenarios can avoid
the impacts of uncertainty on the CCHP system. The main
influencing factors for solar and wind-powered subsystems
are outdoor temperature, solar radiation and wind speed.
They are predicted using LSTM. The output of PV, ST,

PVT, and WT is then forecasted. Figures 9-11 show the
comparison of the predicted values of outdoor temperature,
solar radiation, and wind speed with the actual values and
predicted errors.

As shown in Figures 9-11, the predicted and actual
curves show similar downward, upward and fluctuating
trends. The error plots show that the error distribution is
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Fig. 12. Comparison of actual and predicted equipment output. a) PV, b) ST, ¢) PVT, d) WT.
approximately normal. The root mean square error
(RMSE) for outdoor temperature, solar radiation, and wind
speed are 0.7337, 0.0469, and 0.3098, respectively. 90%
Taking office buildings as an example, the output of PV, ’ ® office PVT ~
ST, PVT and WT are shown in Figure 12. office PV-ST
As can be seen from Figure 12, the output forecasts of 80% | @ residential PVT
PV and ST, as well as the power generation and heating ® residential PV-ST
forecasts of PVT, are biased from the actual results between é 70% hotel PVT
6:00 and 18:00. The period when the predicted value and © ® hotel PV-ST
the actual value are significantly different is between sk
12:00 and 16:00. The error reaches its maximum at 15:00. N

The maximum error values are 14.10 kW, 27.54 kW,
6.83 kW, and 24.09 kW, respectively. The error is due to
a significant decrease in solar radiation during this period.
The predicted result of WT has little deviation from the
actual result. The maximum error is reached at 24:00,
and the maximum error value is only —1.97 kW.

The results show that the maximum error of LSTM
model is 27.54 kW in the acceptable range. Therefore,
applying it to day-ahead forecasting can effectively reduce
the impact of renewable energy uncertainties on system
performance.

5.3 Optimization of solar subsystem coupled CCHP
system configuration

Figure 13 shows the Pareto frontier of the PVT-CCHP sys-
tem and PV-ST-CCHP system by NSGA-II optimization.

As can be seen from Figure 13, the PESR, CDER, and
ATCSR values of CCHP systems coupled to PV and ST are
higher than those of CCHP systems coupled to PVT in the
Pareto frontier obtained for office, residential, and hotel

55%

0
10%

PESR 20%

45%

30% ATCSR
Fig. 13. Pareto frontier of the PVT-CCHP system and the PV-
ST-CCHP System.

buildings. The results show that the Pareto frontier of the
CCHP system coupled with PV and ST is better than that
of the CCHP system coupled with PVT in terms of energy
efficiency, environmental benefit and economic benefit.
Moreover, the results of hotel buildings with two CCHP
systems outperformed office buildings and residential
buildings in terms of performance. To further verify results,
the obtained Pareto frontiers are input into TOPSIS for
decision-making. Table 5 shows the results of a compar-
ison of equipment capacity between the PV-ST-CCHP
system and the PVT-CCHP system for each building
application.
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Table 5. Equipment capacity after TOPSIS decision.

Type System type  ICE (kW)  PV/PVT (m?) ST (m?)  GSHP (kW)  heat storage tank (kW)
Office PVT 100 172 100 460
PV-ST 100 300 300 100 458
Resident PVT 100 6 100 493
PV-ST 100 267 267 100 511
Hotel PVT 111 66 100 571
PV-ST 101 833 833 100 407
90% ~ : office PVT @ residential PVT I:] hotel PVT ~——
077 office PVST XX residential PVST [l hotel PVST, i, \
80% I & “
9% —
70% - ® office PV-ST
60% F [ 50% 4 office PV-ST-WT
g N 7 @residential PV-ST
g 50% [ o @ residential PV-ST-W
o N B 70%+ .
E40% S hotel P\./;g’,l’/' é
E o | ®hotet PV-ST-WT
’ 60% -
20% | 65% &\\ .“ )
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’—% PESR 50% 2% ATCSR
0 ATCSR CDER PESR

Fig. 14. Performance analysis of the PVT-CCHP system wvs.
the PV-ST-CCHP system.

Figure 14 shows a comparative analysis of economic,
environmental and energy benefits of PV-ST-CCHP and
PVT-CCHP systems for three types of buildings in this
capacity configuration.

As can be seen from Figure 14, for office, residential and
hotel buildings, the ATCSR, values of CCHP systems cou-
pled with PV and ST are 4.93%, 4.15% and 5.96% higher
than those coupled with PVT, respectively. The CDER val-
ues of CCHP systems coupled with PV and ST are 4.15%,
4.71% and 4.77% higher than those coupled with PVT,
respectively. The PESR values of CCHP systems coupled
with PV and ST are 4.60%, 5.86% and 5.87% higher than
those coupled with PVT, respectively. The CP values of
CCHP systems coupled with PV and ST are 4.62%,
4.57% and 5.56% higher than those coupled with PVT,
respectively. The results show that the CCHP system
coupled with PV and ST is better than CCHP system
coupled with PVT in terms of energy benefit, environmen-
tal benefit, economic benefit and system comprehensive
benefit.

5.4 Optimization of wind energy subsystem coupled
CCHP system configuration

It is known that coupled PV and ST CCHP systems in
three types of buildings have superior performance in terms
of economy, environment, and energy. Therefore, this
section further optimizes the wind subsystem coupled

Fig. 15. Pareto frontier for the PV-ST-WT-CCHP system vs.
the PV-ST-CCHP system.

CCHP system based on the optimization results of the solar
subsystem configuration. Figure 15 shows the Pareto fron-
tier of the PV-ST-CCHP system and PV-ST-WT-CCHP
system by NSGA-II optimization.

As can be seen from Figure 15, the PESR, CDER and
ATCSR values of the CCHP system coupled with PV,
ST and WT are higher than those of the CCHP system cou-
pled with PV and ST in the Pareto front obtained for office,
residential and hotel buildings. The results show that the
Pareto frontier of the CCHP system coupled with PV, ST
and WT is better than that of the CCHP system coupled
with PV and ST in terms of energy efficiency, environmen-
tal benefits, and economic benefits. Moreover, the results of
hotel buildings with two CCHP systems outperformed
office buildings and residential buildings in terms of perfor-
mance. To further verify the results, the obtained Pareto
frontiers are input into TOPSIS for decision-making.
Table 6 shows a comparison of the equipment capacity of
PV-ST-WT-CCHP system and PV-ST-CCHP system for
each building application.

Figure 16 shows a comparative analysis of the economic,
environmental, and energy benefits of PV-ST-WT-CCHP
and PV-ST-CCHP systems for three types of buildings in
this capacity configuration.

As can be seen from Figure 16, the ATCSR values of
CCHP systems coupled with PV, ST and WT are 1.14%,
0.54% and 0.14% higher than those coupled with PV and
ST, respectively, for office, residential and hotel buildings.
CCHP systems coupled with PV, ST and WT have
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Table 6. Equipment capacity after TOPSIS decision.

Type System type ICE (kW) PV/PVT (m?) ST (m?) WT (m?) GSHP (kW) Heat storage tank (kW)
Office PV-ST-WT 100 300 300 120 100 397

PV-ST 100 300 300 100 458
Resident PV-ST-WT 100 267 267 40 100 507

PV-ST 100 267 267 100 511
Hotel PV-ST-WT 111 833 833 80 100 458

PV-ST 101 833 833 100 407

[ Joffice PVSTWT residential PVSTWT [ Jhotel PVSTWT}_

90% office PVST P& residential PVST [ hotel PVST
80% [
70% [ T
L N —
;\?60% -
£50% [ N
240% - 7
3
2 30% - N
20% [ 77
10% | AN
0
ATCSR CDER PESR CP

Fig. 16. Performance analysis of the PV-ST-WT-CCHP system
and the PV-ST-CCHP system.

1.46%, 0.69% and 0.51% higher CDER. values than those
coupled with PV and ST, respectively. The PESR values
of CCHP systems coupled with PV, ST and WT are
1.85%, 0.82% and 0.59% higher than those coupled with
PV and ST, respectively. The CP values of CCHP systems
coupled with PV, ST and WT are 1.34%, 0.62% and 0.32%
higher than those coupled with PV and ST, respectively.
The results show that with the addition of coupled wind
energy, the proportion of renewable energy increases. This
makes CCHP system coupled with PV, ST and WT better
than CCHP system coupled with PV and ST in terms of
energy efficiency, environmental benefit, economic benefit
and system comprehensive benefit.

6 Conclusion

A method based on the combination of LSTM and opti-
mization algorithm is proposed for three types of buildings,
office, residential and hotel, in Shijiazhuang area. The eco-
nomic, environmental and energy performance of the
CCHP system with coupled solar and wind subsystems
are analyzed separately:

1. CCHP systems coupled with renewable energy sources
can increase the energy efficiency of the system and
reduce pollutant emissions. By integrating renewable
energy sources such as solar and wind, the system to

be more flexible in terms of energy supply. It also
effectively reduces dependence on conventional energy
sources, thereby improving the overall energy utiliza-
tion efficiency of the system.

2. LSTM models can be applied to day-ahead forecasting
to reduce the impact of renewable energy uncertainty
on system performance. Its powerful time series anal-
ysis capabilities can better capture and understand
the volatile nature of renewable energy production.
The impact of such fluctuations on system operation
is effectively minimized.

3. The performance of the CCHP system coupled to
PVT is lower than that of the CCHP system coupled
to PV and ST. It shows that independently heated
and powered devices are more effective than PVT.
This may be because stand-alone PV and ST systems
perform better in terms of capacity and efficiency in a
given situation. Perhaps the dual utilization of PVT
systems in terms of heat and power conversion has
not been as effective as expected under certain envi-
ronmental conditions. Resulting in less overall perfor-
mance than PV and ST systems.

4. The system performance of the CCHP system coupled
with PV and ST can be further improved by adding
wind energy. The solar subsystem has already injected
some energy into the system. With the addition of
wind energy, the system is more flexible in terms of
energy supply and is better able to adapt to changes
in energy sources under different environmental
conditions.
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