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Highlights: 13 

l An integrated energy system for residential building with multiple benefits. 14 

l Multi-objective optimization considering energy, supply/demand matching, exergo-environmental 15 

cost performance. 16 

l Energy consumption and equivalent carbon emissions in life-cycle chain are estimated. 17 

l The ideal scheme is searched with objectives: 40.9 for energy, 43.4% for cost performance. 18 

l The gas turbine consumes 97.7% of natural gas and generates 98.2% of total electricity. 19 

 20 

Graphical Abstract: 21 
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 22 

 23 

Abstract: 24 

An integrated energy system (IES) can yield several benefits in energy, environmental impacts, cost, 25 

and flexibility over a separate heat and power production although the initial cost may be higher. An IES 26 

system using a gas turbine, photovoltaics, heat pumps, electrical cooling, and energy storage units is 27 

proposed to here. This system can satisfy the electricity, cooling, and heating demands of a residential 28 

building. A multi-objective optimization approach is used to find the best solutions considering energy, 29 

supply/demand matching and exergo-environmental economic indices with life-cycle assessments. Using 30 

the TOPSIS method, the maximum benefit from the IES studied was reached with a system yielding 46.5% 31 

energy savings, 99.9% matching, and 43.4% cost savings. Compared to other methods, the LCA method 32 

yields a higher annual total cost than without LCA and equivalent carbon emissions, but a better cost 33 

savings ratio of 2.2% and 3.6% compared to the latter methods. A sensitivity analysis shows that a higher 34 

PV use would decrease the fuel consumption, but it would reduce the matching and economic 35 
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performance, while adding a battery could increase the matching performance, but decrease the energy 36 

and cost saving ratios. Similar to the effect of natural gas price, the off-grid electricity price has higher 37 

impact on the cost saving ratio, but lower influence on the specific cost. 38 

 39 

Keywords: integrated energy system; life cycle assessment; equivalent carbon emission; electricity 40 

matching performance; sensitivity analysis 41 

 42 

Abbreviations 

AHP Absorption heat pump 

ASHP Air source heat pump 

EC Electric chiller 

GB Gas boiler 

GT Gas turbine 

HE Heat exchanger 

IES Integrated energy system 

LCA Life cycle assessment 

PV Photovoltaic panel 

Symbols  

a, b constant 

C Cost, $ 

COP Coefficient of performance 

D Distance 

E Electricity, kWh 

EMR Electricity matching ratio, % 

Ex Exergy, kWh 

f Part load factor 

F Primary energy, kWh 

G Solar irradiance, W/m2 

H Service period, years 
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I Information entropy 

M Mass, kg 

N Capacity, kW 

PESR Primary energy saving ratio, % 

Q Thermal, kWh 

R Ratio 

SPEC Specific exergo-environmental cost, $/kWh 

SPECSR Specific cost saving ratio, % 

t tth hour 

T Temperature, °C 

W Weight of index 

X Decision variable 

Y Relative proximity 

Z Specific cost, $/kW 

Greek symbols  

 Efficiency 

 Temperature coefficient 

 Interest rate 

 State of charge for battery 

 Emission factor, g/kWh 

 Maintenance ratio 

 Specific cost, $/kWh, $/kg 

Superscript/ Subscript 

a Ambient 

build Building 

c Cooling 

e Electricity 

eq Equivalent 

h Heating 

h

k

µ

batq

e

l

w
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i ith process in LCA 

invest Investment 

j jth device 

k kth index 

l lth primary energy in LCA 

main Maintenance 

ng Natural gas 

nom Nominal 

On/off-grid On/off-grid electricity 

op Operation 

pri Primary energy 

sep Separate 

std Standard test condition 

TES Tank 

 43 

1 Introduction 44 

The issues of climate changes and severe environmental pollution, mainly caused by the overusing 45 

of fossil fuels, have already turned into the chief problem restricting the development of human beings. 46 

The construction industry, which accounts for > 30% of total energy consumption, has huge potentials to 47 

save fuels and offer greater flexibility and comfort [1]. The integrated energy system (IES) could make 48 

full use of primary energy and offer multiple products for users. 49 

Combined cooling heating and power system, consisted of a prime mover, absorption, and heat 50 

exchanger devices, is the core of the IES, and the prime mover is usually the gas turbine (GT), internal 51 

combustion engine, and fuel cells [2]. Compared to the gas turbine, the total exergy efficiency of internal 52 

combustion engine is lower, because of the jacket water output with lower energy grade, while the cost 53 

of fuel cell is higher. Thus, the gas turbine is an ideal selection in tri-generation system. To reduce the 54 

fuel consumption of GT-based tri-generation system, some renewable resources are introduced, 55 

especially the solar resource [3]. Combined with the waste heat from GT, the thermal energy generated 56 

by non or lower-concentrating solar heat collectors, could be used to generate heating, or cooling in 57 
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absorption units [4]. The higher concentrating heat collectors can improve the temperatures of fuel [5] 58 

and compressed air [6] before the expander to increase the combustion efficiency and reduce the fossil 59 

fuel consumption. Differently to the solar thermal utilization, the photovoltaic panels (PV) could 60 

coordinate with GT by convert the solar irradiance into electricity directly [7], and this method has huge 61 

benefits on energy and environmental protection, due to the convenience installation and decreasing 62 

initial cost. The PV assisted combined cooling heating and power system is set at the basic of the IES in 63 

this study. Moreover, to increase the electrification ratio and flexibility, the electric heating/cooling and 64 

energy storage devices are employed. 65 

To search the optimal performance, the optimization process is needed, while only the off-design 66 

performance is evaluated of the solar assisted energy systems mentioned above. The decision variables 67 

are often the capacities of devices, and the optimization objectives are mainly selected from the energy, 68 

environmental, and economic criteria. The techno-economic cost of product [8] and annual total cost of 69 

energy systems [9] are mainly two objectives in single-optimization process, and the multi-criteria are 70 

often transformed into the single objective by assigning preference coefficient [10]. The multi-objective 71 

optimization, which is developed quickly in recent days, could optimize some specific criteria at the same 72 

time. Ren et al. [11, 12] optimized the configuration of a PV-ground source heat pump assisted district 73 

energy system by setting the energy, carbon and annual cost saving ratios as objectives, and the results 74 

shown that the energy and environmental benefits were increased with the decreasing economic benefits, 75 

because the higher PV and battery installation could reduce the primary energy consumption, but improve 76 

the initial cost. However, these studies have only considered the performance with the system boundary. 77 

Using the life cycle assessment (LCA) method [13] in energy system can evaluate the performance 78 

from the ecological view. Wang et al. [14, 15] have estimated the optimal scheme of combined cooling 79 

heating and power system by selecting the minimal environmental potentials in life-cycle chain. The life-80 

cycle emissions could also add into the exergo-environmental calculation [16] by employing the emission 81 

tax. Compared with the conventional method, the specific exergo-environmental costs of electricity, 82 

cooling and heating with LCA method were 0.017, 0.076, and 0.098 $ higher for per kWh exergy output. 83 

Extending these topics, the life-cycle energy consumption and carbon emissions are illustrated in this 84 

study, and the exergo-environmental cost saving ratio is created to exam the economic-environmental 85 

benefits. 86 
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To deal with energy limitations, such as power rationing, the flexible and matching performance of 87 

the hybrid system should be considered [17, 18]. The on-site energy matching and on-site energy fraction 88 

were proposed to research the matching performance of the energy system [19], and the results drawn 89 

that the cooling, and heating on-site energy fractions were relatively low in following electric mode, 90 

while the on-site energy matching of electricity was varied from 62% to 75% in following thermal mode. 91 

The matching performance of renewable energy systems have also been researched [20, 21] to aid the 92 

selection of complicated energy systems. 93 

Realizing this mechanism, the aim of this study is to establish a solar integrated energy system to 94 

cover multiple loads and enhance the energy and flexible benefits. The contributions and novelties of this 95 

study are mainly described as follows: (1) The multi-objective optimization considering energy, matching 96 

and exergo-environmental performance is carried out; (2) The energy consumption and equivalent carbon 97 

emissions in life cycle chain are estimated; (3) The specific cost saving ratio is defined to evaluate the 98 

economic benefit considering environmental cost; (4) The results are compared to the performance with 99 

other two methods; (5) The sensitivity analysis among crucial devices and parameters is searched. 100 

 101 

2 Descriptions of energy system for residential building 102 

The aim of this study is to selected an ideal configuration of energy devices to fulfill the multiple 103 

demands of the building. To examine the performance of the energy system, a residential building in 104 

Nanjing, Jiangsu province in China (31°37″N, 118°50″E) is searched as the sample building. The plan 105 

drawing of the sample building is based on [22], the ceiling and total heights are 3.0 m and 30 m with 106 

the rooftop areas, 2400 m2, and the ratio of window to wall is set at 0.3. The heating condition is set from 107 

1st Jan to 10th Apr., and form 20th Oct. to the last of the year. The cooling condition is from 20th Apr. to 108 

10th Oct., while in other times, only the electric load is considered. Other crucial parameters, such as 109 

materials, building shell, etc. are determined based on the default values in DesT software [23]. 110 

Furthermore, the yearly multiple loads in 1-h step are generated (Fig. 1). 111 

2.1 Separate energy system 112 

The energy hub of traditional separate energy system is displayed in Fig. 1. The heating and cooling 113 

loads are mainly fulfilled by heat exchanger (HE), gas boiler (GB), which consumes the natural gas, and 114 

electric chiller (EC). The total electric demands, containing building loads, and electricity for cooling are 115 
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totally from the power grid. 116 

The separate energy system is very simple, and the initial cost is lower, but it has many problems: 117 

Due to the higher electric and fossil fuel consumption, the operating cost, fossil fuel utilization, and 118 

carbon emissions are higher, and it can cause many environmental and ecological issues. Moreover, the 119 

cost of off-grid electricity is easily affected by the cost of primary energy and energy policy. To reduce 120 

the primary energy consumption, especially the coal, some cities have introduced the power rationing 121 

policy, and the separate energy system has a lower flexibility to deal with this scenario. The integrated 122 

energy system has the benefits in energy, environmental, economic, and flexible aspects, although the 123 

initial cost is higher. 124 

 125 

 126 

Fig. 1. Problem statement of separate energy system for the sample residential building. 127 

 128 

2.2 Integrated energy system 129 

To cover the multiple demands, the combined cooling heating and power system, which consists of 130 

gas turbine and absorption heat pump cycles, is the basic of the integrated energy system by consuming 131 

the natural gas. The photovoltaic panels are constructed to increase the proportion of the renewable 132 

energy and electrification ratio, and the air source heat pump is used to heating water in heating condition 133 

and chilled water in cooling mode, while the electric chiller can supply the extra cooling. In the integrated 134 



9 
 

energy system, the thermal storage tank is selected to store the excess the cooling/heating in lower water 135 

load conditions, and it can supply the water demands in higher load conditions, while the battery is used 136 

to charge/discharge the electricity. It is assumed that the rest of the electricity is fed to the power grid 137 

with a lower cost, and the natural gas can be directly consumed in high-pressure generator in AHP cycle 138 

to meet the extremely high conditions. Furthermore, the consumption sequence of the total electricity 139 

load is the battery, PV, GT cycle, and power grid, the consumption sequence of the cooling is tank, AHP, 140 

electric chiller, air source heat pump, and auxiliary natural gas consumption in AHP, while the sequence 141 

of the heating water does not have the electric chiller. 142 

 143 

Fig. 2. Energy hub of the integrated energy system. 144 

 145 

2.3 Energy principles of subsystems 146 

The main energy principles, established in MATLAB software, are introduced in this part. The 147 

models are simplified, and we have ignored the details of energy devices. For example, the gas turbine 148 

cycle includes the air compressor, combustion chamber, and expansion valve, etc. The AHP cycle has the 149 
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low/high-pressure generators, absorber, evaporator, etc. In this study, we have only focused the energy 150 

efficiency indexes of the units. The technical parameters of energy conversion units are summarized in 151 

Table 1. 152 

2.3.1 Gas turbine cycle 153 

The electrical efficiency and waste heat utilization efficiency are two crucial parameters of the GT 154 

cycle. The efficiencies can be estimated by the part load ratio and nominal capacity [17]: 155 

                   (1) 156 

                   (2) 157 

                   (3) 158 

                   (4) 159 

                   (5) 160 

where , , , , ,  represent the natural gas consumption, waste heat, nominal 161 

capacity, electric output, part load ratio and electric efficiency of GT cycle. a and b are constants. t is the 162 

tth hour of the year. The superscript  means the nominal. 163 

2.3.2 Photovoltaic panel 164 

The PV unit can convert the solar irradiance into the electricity without fuel cost in operating stage. 165 

The electricity output of PV unit is directly affected by the PV module temperature [24], nominal 166 

efficiency, and temperature coefficient [25]: 167 

                   (6) 168 

                   (7) 169 

where , ,  are temperature and electrical efficiency of PV and solar irradiance. , and 170 

 are ambient temperature and temperature coefficient.  is the standard test condition. 171 

 172 

2.3.3 Absorption heat pump cycle 173 

The exhaust gas-supplement absorption heat pump cycle is selected here to generate cooling and 174 

heating. The detailed structures of AHP is carried out in [26]. The energy balance equation of the AHP 175 

, 1 2ln( ) ,( [0,1000])nom
e GT GT GTa N a Nh = + Ì

5 4 3 2
, 1 2 3 4 5 ,( ) nom
e GT GT GT GT GT GT e GTb f b f b f b f b fh h= + + + +

/ , ( [0.2,1.0])GT GT GTf E N f= Ì

1

1 2

0.8163 ln( ) , ( [0,1000])
ln( )

GT
GT GT GT

GT

a NQ N N
a N a

-
= Ì

+

,( ) ( ) / ( )GT
ng GT e GTF t E t th=
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is: 176 

                   (8) 177 

where ,  are the cooling/heating output and auxiliary natural gas in AHP.  is the 178 

thermal efficiency of auxiliary zone in high-pressure generator. The  is the coefficient of 179 

performance in cooling/heating conditions. 180 

2.3.3 Air source heat pump and electric chiller 181 

The air source heat pump can generate both cooling and heating by consuming electricity, while the 182 

electric chiller can only work in cooling condition. Similar to the AHP, we have only focused on the COP 183 

of these units: 184 

                   (9) 185 

                   (10) 186 

where  is the electricity consumption. 187 

2.3.4 Thermal tank 188 

The thermal tank can store the excess cooling/heating, and produce the water demands in higher 189 

load conditions. During the simulation, the heat loss of tank is ignored, and the energy principle of tank 190 

is [12]: 191 

                  (11) 192 

where  is capacity of thermal tank. 193 

2.3.4 Battery 194 

To decrease the off/on-grid electricity, the battery is employed to enhance the flexibility of electricity. 195 

The charge or discharge condition of battery can be searched by the following equation: 196 

                  (12) 197 

When , the battery can output the electricity, while the battery needs to charge the electricity to 198 

cover the minimum load when . ,  and  are the minimum load rate, self-199 

discharge rate and charging efficiency of the battery.  and  stand the state of charge and 200 

/
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capacity of the battery. 201 

Except for the devices mentioned above, the gas boiler and heat exchanger are employed to generate 202 

heating in separate energy system. The thermal efficiencies of these two units are set at 80% [12]. The 203 

operating mode in this study is following electric load, due to the higher performance than following 204 

thermal mode and other strategies. 205 

Totally, for the integrated energy system, the balance of loads can be described by the following 206 

correlations: 207 

                  (13) 208 

                  (14) 209 

                  (15) 210 

where , , and  are electricity, cooling, and heating loads of the residential building. 211 

 212 

Table 1. Technical parameters of energy conversion units. 213 

Symbol Value Ref. Symbol Value Ref. Symbol Value Ref. 

 6.75 [17]  -0.0045 [25]  4.0 [27] 

 -20.41 [17]  0.209 [28]  100% [12] 

 23.88 [17]  25°C [28] 
 

20% [12] 

 -14.02 [17]  1.4 [11] 
 

40% [12] 

 4.80 [17]  0.9 [11]  95% [12] 

 0.0202 [17]   3.5 [29]  80% [12] 

 0.1837 [17]  3.0 [29]  80% [12] 

 214 

3. Evaluation methods 215 

The calculation process of the IES system is displayed in Fig. 3. There are mainly five steps: Firstly, 216 

the multiple loads of the sample residential building are simulated in DesT software by inputting the 217 

environmental and building parameters in Sec. 2; The energy principles and thermal models of both two 218 

( ) ( ) ( ) ( ) ( ) ( ) ( )PV GT bat grid build EC ASHPE t E t E t E t E t E t E t+ ± ± = + +

( ) ( ) ( ) ( ) ( )c c c c c
EC ASHP TES AHP buildQ t Q t Q t Q t Q t+ ± + =

( ) ( ) ( ) ( )h h h h
ASHP TES AHP buildQ t Q t Q t Q t± + =

buildE c
buildQ h

buildQ

1b
k c

ECCOP

2b std
PVh TESh

3b std
PVT 1R

4b c
AHPCOP 2R

5b h
AHPCOP argch eh

1a c
ASHPCOP GBh

2a h
ASHPCOP HEh
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systems considered are constructed in the next process in MATLAB R2019b software; Then, the life 219 

cycle assessment method to evaluate the primary energy consumption and equivalent carbon emissions 220 

in life-cycle chain is employed in Sec. 3.1; The multi-objective considering multiple evaluation indexes 221 

(Sec. 3.2) is carried out in the next section; Finally, the TOPSIS method employed to search the ideal 222 

configuration of the IES from the Pareto frontiers is described in Sec. 3.4. 223 

 224 

Fig. 3. Evaluation process of the integrated energy system. 225 

 226 

3.1 Life cycle assessment 227 

The life cycle method, which can estimate the primary energy consumption and pollutant emissions 228 

from the material production to end of the life, could research the performance in an ecological view. 229 

The basic processes of LCA are divided into five steps: (1) material acquisition; (2) devices and 230 

system construction; (3) system operating; (4) material recovery; and (5) transportation stage. The 231 

transportation stage has linked other four processes. During the calculation of LCA, all of the off-grid 232 
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electricity from power plant consumed in processes 1 to 3 is generated by coal, the primary energy in 233 

transportation process is diesel oil. Adding the natural gas consumption in operating stage, the primary 234 

energy consumption of the energy system with LCA method could be calculated [13]: 235 

                  (16) 236 

where , , , and  stand for natural gas, diesel oil, coal and primary energy. , and  237 

mean the ith process, and jth device. The coal consumption is related to the total electrical efficiency of 238 

power plant, mass or capacity of energy devices, and the diesel oil consumption is affected by the distance, 239 

mass, and specific oil consumption. The details of these parameters can be searched in our published 240 

studies [16, 28]. 241 

In this study, not only the CO2 emissions are considered, but also the CO and CH4 outputs, due to 242 

the contributions on global warming. For per kg CO and CH4 emission, the equivalent CO2 emissions 243 

are 3 and 21 kg [16, 28]. Thus, the equivalent CO2 emissions ( ) in life cycle chain are: 244 

                  (17) 245 

The emissions of each pollutant are determined by the consumption of primary energy: 246 

                  (18) 247 

where  is the emission factor of lth primary energy. 248 

During the calculation of LCA method, the material consumption for per kW device is summarized 249 

in Table 2. The emissions of raw materials and emission factors of primary energy are listed in Table 3. 250 

Differently to other devices, for per kW construction of battery, the life cycle primary energy 251 

consumption (natural gas) is 75.52 kWh, and the equivalent carbon emission is 55.30 kg [30]. At the 252 

material recovery process, the recycling ratio of steel, aluminum, and copper is 90%, while ratio for other 253 

materials is 0 [31]. 254 

 255 

Table 2. Construction and cost parameters of energy conversion units [11, 15, 16]. 256 

Unit Material consumption, kg/kW Electricity,  
kWh/kw 

Specific cost,  
$/kW 

Life,  
years 

 Steel Copper Aluminum PVC Glass    

5

1 1

j
LCA pri LCA LCA LCA
pri ij ng oil coal

i j
F F F F F

= =

= = + +åå

ng oil coal pri i j
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EC 4.08 1.02 0.04 2.04 - 4.65 125 20 
GB 1.50 - 0.04 - - 1.00 44 20 
HE 1.90 - - - - 1.20 29 20 
PV 27.00 - 10.50 9.20 80.00 82.00 1040 20 
GT 9.81 - - - - 6.36 584 20 
AHP 18.37 - - - - 11.90 225 20 
Tank 1.00 - - - - 1.00 30 20 
ASHP 3.68 1.52 0.96 1.84 - 5.85 150 20 
Battery - - - - - - 881 9 

 257 

Table 3. Pollutant emissions of raw material and primary energy [16]. 258 

 CO2, g/kg; g/kWh CH4, g/kg; g/kWh CO, g/kg; g/kWh Electricity, kWh/kg 
Natural gas 203.74 0.02 - - 
Coal 326.37 0.003 - - 
Diesel oil 232.22 0.16 3.51 - 
Steel 2000.00 53.00 25.00 1.70 
Aluminum 25800.00 24.00 14.00 36.10 
Copper 1900.00 - - 1.80 
PVC 247.00 - 1.10 21.90 
Glass 132.30 - - 0.60 

 259 

3.2 Evaluation indexes 260 

The energy, matching and economic criteria are selected to evaluate the performance of the 261 

integrated energy system. 262 

3.2.1 Energy criterion 263 

To reflect the energy benefits of the integrated energy system, the primary energy saving ratio in 264 

life-cycle chain is defined by comparing the life-cycle energy consumption of both integrated and 265 

separate energy systems. It should be noted that the primary energy consumption of integrated energy 266 

system does not include the solar energy, due to the renewable characteristic. 267 

The primary energy saving ratio (PESR) related to the primary energy consumption for both separate 268 

( ) and integrated ( ) energy systems in life cycle chain is [1]: 269 

                  (19) 270 
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,
LCA
pri sepF ,

LCA
pri IESF

5 3 5 7

, ,
1 1 1 1 , ,

5 7
,

,
1 1

100%= 100%

pri pri
LCA LCAij sep ij IES

i j i j pri sep pri IES
LCA

pri pri sep
ij sep

i j

F F
F F

PESR
FF

= = = =

= =

-
-

= ´ ´
åå åå

åå



16 
 

3.2.2 Matching criteria 272 

With a higher flexible benefit, the amount of on/off-grid electricity could low. In this study, one part 273 

of off-grid electricity is needed to supply the building electrical load, and the ASHP or EC to generate 274 

the heating or cooling. On the other hand, the excess electricity could be sent to the grid to reduce the 275 

energy waste. It shown that the on/off-grid could affect the flexible performance of the hybrid system, 276 

and the performance here is represented by the electricity matching ratio (EMR): 277 

                  (20) 278 

where  and  are on and off-grid electricity. 279 

3.2.3 Economic criteria 280 

The exergo-economic cost method is often selected to search the specific cost of exergy. To evaluate 281 

the exergo-environmental cost performance, the environmental emissions are considered in specific cost 282 

of exergy by considering the cost of pollutant emissions. Compared to the traditional exergo-cost method, 283 

the exergo-environmental method is more reasonable and the cost is often higher, but it cannot describe 284 

the economic benefits of IES [32]. Using the specific exergo-environmental cost saving ratio can not 285 

only evaluate the specific cost of product exergy, but can also illustrate the economic and environmental 286 

benefits of IES. The specific exergo-environmental cost saving ratio (SPECSR) is calculated as: 287 

                  (21) 288 

where  is the specific exergo-environmental cost of product. 289 

The specific exergo-environmental cost is decided based on the annual cost, including investment 290 

( ), maintenance ( ) [33] and operating ( ) cost, and the annual environmental cost ( ): 291 

                  (22) 292 

where the , and  are the cooling and heating exergy output. 293 

The annual cost is related to the maintenance ratio ( , 0.02) [16], interest rate ( , 0.06) [16], total 294 
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life ( ), and specific investment cost ( ): 295 

                  (23) 296 

                  (24) 297 

                  (25) 298 

where the , and  are the specific cost of natural gas, grid electricity and carbon. The life 299 

period and initial cost is carried out in Table 2. The specific cost of electricity, natural gas, and carbon 300 

emission is displayed in Table 4. 301 

                  (26) 302 

                  (27) 303 

where the , and  mean the average temperature of chilled and heating water. 304 

 305 

Table 4. Specific cost of off-grid electricity, natural gas, and carbon emission [16, 34]. 306 

Item Name Time Cost, $/kWh; $/kg 

 Valley period 23:00-7:00 0.085 

 Normal period 11:00-18:00, 7:00-8:00 0.129 

 Peak period 8:00-11:00, 18:00-23:00 0.185 

   0.038 

   0.04345 

 307 

3.3 Optimization method 308 

Based on the energy hub of the IES in Sec. 2, the system can operate with variable capacities of the 309 

devices, and the grid electricity and natural gas could supply the shortages, but the performance could be 310 

low. Thus, it is necessary to search the optimal configuration of the energy conversion units, and the 311 

H Z

1

(1 )
(1 )

(1 ) 1

j

j

Hj
j j

invest main H
j

Z N
C C

µ µ
l

µ=

+
+ = +

+ -
å

8760 8760

1 1
( ) ( ( ) 0.5 ( ))op ng ng grid off grid on grid

t t
C F t E t E tw w - -

= =

= + -å å

2 2 2

3

1

LCA
CO CO CO l l

l
C M Fw w e

=

= = å

ngw gridw
2COw

273.15( 1)
273.15

c c c
build build

std

TEx Q
T

-

+
= -

+

273.15(1 )
273.15

h h h
build build

std

TEx Q
T

-

+
= -

+

cT
-

hT
-

gridw

ngw

2COw



18 
 

multi-optimization is carried out. For the optimization procedure, the decision variables, objective 312 

functions, constraints, and optimization algorithm will be defined in this part. 313 

Combining the evaluation criteria in Sec. 3.2, the objective functions can be expressed: 314 

                  (28) 315 

Observing Fig. 2, one part of the cooling/heating can be fulfilled by the ASHP or EC, and the 316 

capacities of ASHP and EC could be calculated by the cooling/heating ratio, which is defined as the ratio 317 

of cooling/heating outputs of ASHP/EC to the total demands: 318 

                  (29) 319 

It should be noted that the EC and ASHP consumes the electricity to produce cooling in cooling 320 

mode. If the needed cooling capacity is higher than the needed heating capacity, the EC is firstly used 321 

due to the higher COP, while the nominal capacity of EC is 0, and the ASHP can supply the needed 322 

cooling capacity. 323 

On the other hand, the nominal capacities of GT, PV, tank and battery could affect the performance 324 

directly, while the capacity of AHP is determined by the waste heat from GT and auxiliary natural gas. 325 

Totally, the decision variables are: 326 

                  (30) 327 

The constraints of the optimization are mainly unequal and equal constraints: the electricity, cooling 328 

and heating outputs should equal to the building loads; the unequal constraints contain the ranges of 329 

variables (Table 5), technical parameters of devices, such as, the lowest part load factor and maximal 330 

output. These constraints are set as the restrictions in the MATLAB software to search the optimal 331 

solution. 332 

 333 

Table 4. Ranges of variables. 334 

Heating ratio, %  PV, kW  

Cooling ratio, %  Tank, kW  

GT, kW  Battery, kW  

 335 

max[ , , ]PESR EMR SPECSR

/
/

/ /

( )
( )

c h
EC ASHP

c h c h
build

Q tR
Q t

=

[ , , , , , ]c h GT PV TES batX R R N N N N=

[0,100]hR Ì [0,800]PVN Ì

[0,100]cR Ì [0,1000]TESN Ì

[0,600]GTN Ì [0,1000]batN Ì



19 
 

Linking the objectives, variables and constraints, the non-dominated sorting genetic algorithm 336 

(NSGA-II) is chosen as the algorithm to generate the initial populations (100 sets), and continues to 337 

update the variables, unit the optimal function is found or the iterations (300 times) are reached [12]. 338 

3.4 Decision-making method 339 

To obtain the ideal configuration from the 100 sets solutions, the information entropy method 340 

supported TOPSIS method is chosen, the information method is used to illustrate the weights of three 341 

indexes from an objective view, and the relative proximity between solutions to ideal values could be 342 

calculated by TOPSIS method. 343 

In information entropy method, the value is standardized after the construction of normalization 344 

matrix for three indexes with 100 sets values. The weight of the objective is evaluated by the following 345 

equation: 346 

                  (31) 347 

                  (32) 348 

where the , and  represent the information entropy and weight of kth index. 349 

In the TOPSIS method, the relative proximity of between the optimized schemes and positive and 350 

negative solutions is used to search the ideal solution: 351 

                  (33) 352 

where  and  are distance between optimized scheme to positive and negative solutions. 353 

4. Results  354 

Based on the evaluation process of the integrated energy system, the results are carried out, and the 355 

optimization results are shown in Sec. 4.1, and the sensitivity analysis among crucial parameters is 356 

displayed in Sec. 4.3, after the annual performance of ideal scheme (Sec. 4.2). 357 

4.1 Optimization results 358 

Considering the LCA method, the equivalent carbon and fossil fuel consumption is considered. To 359 
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compare the results with other methods, the methods are drawn, and the details are as follows: 360 

Method (a): LCA method, the life cycle primary energy is calculated, and the equivalent carbon 361 

emission is converted into the exergo-environmental analysis; 362 

Method (b): Without LCA method, the carbon emission of fuels in operating stage is considered in 363 

exergo-environmental analysis [35]; 364 

Method (c): Conventional method, the life-cycle energy consumption and carbon emissions are 365 

ignored [8]. 366 

During the optimization, a desktop computer (i7-10700 CPU @ 2.90GHz) is used, and the optimal 367 

solutions of the IES with three methods are illustrated in Fig. 4. 368 

As Fig. 4 shows, the matching performance of the hybrid system is mainly decreased with the 369 

increasing primary energy saving ratio, but the relationships between SPECSR and PESR are more 370 

complex.  371 
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 373 

 374 

Fig. 4. Optimal objectives of the integrated energy system: (a) LCA method; (b) Without LCA method; 375 

(c) Conventional method. 376 

 377 

Analyzing Fig. 4(a), the average values of optimized objectives are 41.64% for energy benefit, 27.33% 378 

for exergo-environmental saving ratio, and 98.27% for electricity matching performance, with the 379 

average optimized variables: 374 kW (GT), 314 kW (Battery), 694 kW (Tank), 361 kW (PV), 35.09% 380 

for heating ratio, and 23.73% for cooling ratio. Moreover, combined with the performance, the cases with 381 

maximal or minimal performance are summarized in Table 5. 382 

With the highest PV (800 kW), tank (1000 kW) installation and the highest cooling/heating outputs 383 

than other five conditions, the lowest life-cycle fossil fuel is consumed with the largest energy benefit, 384 

46.46%. The matching and economic beneficial ratios are 96.51% and 31.31%, with the specific exergo-385 
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environmental cost of 0.251 $/kWh, which is almost two times of the off-grid electricity cost in normal 386 

period (0.129 $/kWh). In the minimal PESR condition, the heating/cooling ratios and the PV capacity 387 

are the lowest (14.40% and 0), and the tank is < 300 kW, it means that the auxiliary natural gas will be 388 

increased due to the higher water shortages, and the electricity load is totally fulfilled by the GT and 389 

power grid. Totally, this phenomenon could lead the highest primary energy consumption, which causes 390 

the lowest PESR, 34.87%. Because of the higher capacity of battery, 670 kW, the EMR is increased by 391 

3.21%, while the SPECSR decreases 41.29%, with the specific cost 0.299 $/kWh. 392 

To maximize the economic benefit (43.42%), the capacities of GT, PV and battery are the lowest, 393 

due to the higher initial cost of devices (Table 2), and the off-grid electricity in this condition is higher, 394 

which could decrease the energy saving (40.85%) and electricity (98.04%) matching ratios. The lowest 395 

specific cost is 0.207 $/kWh. In the lowest SPECSR condition (5.89%), the heating ratio is 39.31%, and 396 

the capacity of ASHP can be determined at 267 kW, but the ASHP is not work in cooling mode with the 397 

cooling ratio, 0, and the cooling demands are totally fulfilled by AHP and tank, which causes a higher 398 

investment cost. On the other hand, the installation of PV and battery could also decrease the economic 399 

performance. As a result, the maximal specific cost is 0.344 $/kWh, and the corresponding PESR and 400 

EMR are 36.90% and 99.87%. 401 

Expect for the tank and battery, the differences between the minimal SPECSR condition and 402 

maximal EMR condition are small. To increase the EMR, the PV electricity should be increased, while 403 

the on/off-grid electricity could be decreased. The battery can balance the supply and demand relationship 404 

with the installed capacity, 994 kW. The corresponding energy, matching and economic performance are 405 

36.76%, 6.02% and 99.88% with the specific cost 0.343 $/kWh. When ignores the limitations of matching, 406 

the battery capacity is 0, and the amount of on/off-grid electricity goes up. The minimal electricity 407 

matching performance is 96.01% with the PESR of 44.82% and SPECSR of 35.30%. 408 

 409 

Table 5. Maximal/minimal objectives of the integrated energy system with life cycle method. 410 

 Max. 
PESR 

Min. 
PESR 

Max. 
SPECSR 

Min. 
SPECSR 

Max. 
EMR 

Min. 
EMR 

Heating ratio, % 39.61 14.40 36.07 39.31 36.47 39.31 
Cooling ratio, % 39.05 0 36.86 0 0 38.08 
GT, kW 384 367 346 385 386 450 
PV, kW 800 0 0 202 199 518 
Tank, kW 1000 287 864 998 266 975 



23 
 

Battery, kW 21 670 0 323 994 0 
PESR, % 46.46 34.87 40.85 36.90 36.76 44.82 
SPECSR, % 31.31 18.38 43.42 5.89 6.02 35.30 
EMR, % 96.51 99.78 98.04 99.87 99.88 96.01 
SPEC, $/kWh 0.251 0.299 0.207 0.344 0.343 0.237 

 411 

To select the ideal scheme from the optimized solutions, the TOPSIS method is used, and the ideal 412 

schemes with three methods considered are marked from Case A to Case C in Fig. 4, and the details of 413 

cases are summarized in Table 6. 414 

With the entropy information method, the weights for Case A are 0.349 for energy, 0.277 for 415 

matching, and 0.374 for economy; and 0.238, 0.430, 0.332 for Case B, and 0.336, 0.342, and 0.322 for 416 

Case C. The capacities of battery are 0 of three considered cases, and except for the Case B (152 kW), 417 

the PV outputs are 0. The nominal capacities of AHP, ASHP and tank are almost 1200 kW, 250 kW and 418 

800 kW. Observing the fossil fuel consumptions in operating stage, the LCA method consumes the largest 419 

amount of primary energy, and proportion of natural gas is > 98%. Considering the influence of LCA 420 

method, the annual primary energy consumption in other four processes are 18190 kWh, which accounts 421 

for only 0.42%. Analyzing the PESR, Case B consumes the lowest fossil fuel, and the PESR is the largest, 422 

42.40%, but the PESR for Case A is 0.12 higher than the ratio of Case C, although the total consumption 423 

of Case A is higher. The reason can be concluded that the life-cycle energy consumption of separate 424 

energy system is higher than the system without LCA method. 425 

Although the capacity of GT is the largest for Case B, the electricity output is the lowest among 426 

these three cases considered. It means that the part load ratio of GT in Case B is lower. Similarly, the off-427 

grid electricity is also lower than other two cases, this is contributed by the electricity output, 44839 kWh, 428 

while outputs of other two cases are 0. Combining the functions of electricity from GT, PV and off/on-429 

grid electricity, the EMR of Case C is the lowest, 97.84%, while the Case B has a maximal EMR, due to 430 

the lowest on/off-grid electricity. 431 

With the installation of devices, the annual investment cost of Case C is the lowest, 50507 $, but the 432 

fuel cost is 1092 $ higher than Case A and 5827 $ higher than Case B. The annual equivalent carbon 433 

emissions of Case A in life-cycle chain are almost 971 tons, while the emission of Case B is 30 tons lower. 434 

The descending order of annual total cost is Case B, Case A and Case C. As a result, the specific cost of 435 

Case C is the lowest, 0.173 $/kWh, and the cost of Case A and Case B is 0.034 $/kWh, and 0.042 $/kWh 436 
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higher, respectively. However, with the lowest specific cost (Case C), the SPECSR is the highest to 437 

39.85%, while Case A has the maximal ratio, 43.42%. The specific cost only takes the carbon emissions 438 

of IES into consideration, but ignores the environmental benefits of the hybrid system. Using the criterion 439 

(SPECSR) can not only estimate the economic benefits, but also explore the environmental contributions 440 

of the IES. 441 

 442 

Table 6. Comparisons of ideal solutions with different evaluation method. 443 

Performance Case A Case B Case C 
GT, kW 354 386 338 
PV, kW 0 152 0 
AHP, kW 1190 1248 1174 
EC, kW 453 376 466 
ASHP, kW 244 263 246 
Tank, kW 862 765 752 
Battery, kW 0 0 0 
Natural gas consumption in operating stage, kWh 4267053 4173557 4266465 
Coal consumption in operating stage, kWh 82959 70588 99508 
Total primary energy consumption, kWh 4368202 4244145 4365973 
PESR, % 40.89 42.40 40.77 
Electricity from GT, kWh 1453924 1406250 1454017 
Electricity from PV, kWh 0 44839 0 
On-grid electricity, kWh 0 0 0 
Off-grid electricity, kWh 26713 22729 32041 
EMR, % 98.20 98.46 97.84 
Annual investment cost, $ 51753 67457 50507 
Annual maintenance cost, $ 1035 1349 1010 
Natural gas cost in operating stage, $ 159795 156294 159773 
Off-grid electricity cost in operating stage, $ 3995 2761 5109 
On-grid electricity cost in operating stage, $ 0 0 0 
Equivalent carbon emission, kg 971052 941194 0 
Equivalent carbon cost, $ 42192 40895 0 
SPEC, $/kWh 0.207 0.215 0.173 
SPECSR, % 43.42 41.20 39.85 

 444 

4.2 Performance analysis 445 

The ideal scheme of IES is selected in Sec. 4.1 with LCA method, and the annual performance of 446 

the solution is discussed in Sec. 4.2.  447 

4.2.1 Performance in heating condition 448 
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In heating condition, the heating load is fulfilled by ASHP, AHP and tank, and the electricity load 449 

from building and ASHP is meet by off-grid electricity and GT. The electricity and heating outputs of 450 

devices are illustrated in Fig. 5. 451 

In Fig. 5(a), the heating outputs of devices is displayed, and based on the optimized variables, the 452 

heating ratio of ASHP is 35.92%. It means that the ASHP unit can cover almost 36% heating load, with 453 

the maximal outputs, 105 MWh in Jan. and minimal loads, 4 MWh in Oct. On the other hand, over 57% 454 

heating water is directly generated by AHP with the nominal capacity, 1190 kW, and the maximal and 455 

minimal outputs are 167, and 8 MWh, respectively. The rest of the heating water comes from tank, and 456 

the annual total outputs are 64 MWh, which responsible for 6.47% of the total demands. 457 

In heating mode, the total building electricity and ASHP electricity loads are 502 MWh and 117 458 

MWh. It can be seen clearly in Fig. 5(b) that the GT can produce the electricity with the proportion > 459 

99%, while the power grid over stands 0.20% electricity loads.  460 
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 462 

Fig. 5. Electricity and cooling outputs in heating condition: (a) Heating; (b) Electricity. 463 

 464 

4.2.2 Performance in cooling condition 465 

In cooling condition, the cooling demands are meet by the AHP, ASHP, EC and tank. The optimized 466 

cooling ratio is 36.96%, and it means that the EC and ASHP can afford 36.96% total electricity. The 467 

optimized capacities of EC are 453 kW, while the capacity of ASHP is determined by the maximal heating 468 

load in Sec. 4.2.1 (244 kW). When the electrical cooling output is < 453 kWh, the EC is firstly operated 469 

to meet the load, while the ASHP can supply the electrical cooling shortages when electrical cooling 470 

output is > 453 kWh. The contributions of energy conversion devices are displayed in Fig. 7. 471 

In Fig. 7(a), over 97% electrical cooling loads are supplied by EC, while < 3% electrical cooling 472 

demand is fulfilled by ASHP, due to the operating schedule. Observing Fig. 7(a), the outputs of tank are 473 

27 MWh higher than the contributions of ASHP (20.60 MWh). The maximal outputs of AHP are 408 474 

MWh in Jul, while the lowest loads are 12 MWh in Apr., and for total cooling mode, the contributions 475 

are > 60%. 476 

The maximal off-grid electricity in cooling mode (9.33 MWh in Jul.) is almost 7 times higher than 477 

the largest off-grid electricity in heating mode in Oct. For other devices, the GT unit can afford 97% of 478 

the total power generation, while the build load and EC consume 75% and 24% total electricity. On the 479 

other hand, the average part load ratio of GT in Jun. and Jul. is 71.12%. 480 
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 481 

 482 

Fig. 6. Electricity and cooling outputs in cooling condition: (a) Cooling; (b) Electricity. 483 

 484 

4.2.2 Annual performance 485 

Observing the energy hub of integrated energy system, the hybrid system consumes the largest 486 

amount of natural gas in GT to generate electricity, and in AHP to supply the water shortages. The 487 

monthly natural gas consumption of Case A is displayed in Fig. 7. 488 

With the higher cooling loads, the IES consumes the largest amount of natural gas in Jul. (574 MWh) 489 

and Aug (530 MWh)., while the consumption is the lowest in Apr. and Oct. The highest auxiliary natural 490 

gas is occurred in Jul. for cooling (33 MWh), and in Jan. for heating (21 MWh). For the annual 491 

consumption, the 97.26% of natural gas is consumed in GT, while the other part (2.74%) is fed to AHP 492 

unit. 493 
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 494 

 495 

Fig. 7. Monthly natural gas consumption of GT and AHP. 496 

 497 

4.3 Sensitivity analysis 498 

The optimization results mentioned above is based on some crucial parameters. It is essential to 499 

explore the sensitivity of the key parameters, such as the price of natural gas and grid electricity. 500 

4.3.1 Impact of capacities of PV and battery 501 

To enlarge the proportions of renewable energy, especially the solar energy, the installation capacity 502 

of PV could be increased, and the battery can store one part of excess electricity and supply the shortages. 503 

The performance of IES with variable capacities of PV and battery is carried out in Fig. 8. 504 

With a higher installation of PV, the solar electricity will be increased, which could decrease the 505 

electricity from GT and power grid, and causes the decreasing trend of primary energy consumption. 506 

With the constant battery capacity, 0 kW, the energy benefits shown in Fig. 8(a), increases by 5.24% as 507 

the PV ranges from 0 kW to 800 kW. On the other hand, as the battery increases with a constant PV 508 

capacity, the hybrid system needs more primary energy to maintain the operating of battery unit, due to 509 

the life-cycle energy consumption and limitations of battery, such as the minimum load and self-discharge 510 

rates. As a corresponding result, the PESR is decreased from 46.13% to 44.07% as the battery from 0 kW 511 

to 1000 kW in  kW condition. 512 

It is obviously shown in Fig. 8(b) that the EMR is higher when the PV capacity is < 300 kW, and as 513 

the capacity of battery decreases, the EMR is decreased simultaneously. Higher battery installation could 514 
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decrease the on-grid electricity, because more excess electricity from GT and PV is stored in battery, 515 

while higher PV could increase the on-grid electricity. The lowest and highest EMRs in the considered 516 

range are 96.22% in ,  kW condition, and 98.70% in ,  kW 517 

condition, respectively. 518 

The capacities of PV and battery have directly impact on the economic performance, because of the 519 

specific investment of PV and battery is higher than the cost of other devices. As the PV or battery 520 

capacities increase, the annual total cost is increased, and the specific exergo-environmental cost is 521 

improved. As the capacity of PV or battery rises 100 kW, the specific cost increases 0.010 and 0.013 522 

$/kWh. Moreover, the SPECSR is decreased with the increasing capacity, due to the higher specific cost 523 

of IES. The lowest SPECSR is 1.35% when the capacities are the largest. 524 

 525 

 526 

Fig. 8. Energy, matching and exergo-environmental performance of IES with variable capacities of PV 527 

and battery. 528 
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 529 

4.3.2 Impact of grid electricity and natural gas cost 530 

The natural gas and grid electricity price has huge impact on the economic performance, but has 531 

no influence on energy and matching benefits. The price considered in this study is increased -20% to 532 

+20%, and the corresponding SPEC and SPECSR is explicated in Fig. 9. 533 

In Fig. 9(a), due to the lower off-grid electricity consumption, 26.7 MWh, the SPEC increases 534 

slightly from 0.181 $/kWh to 0.182 $/kWh, with the full range variation of electricity price. with the 535 

increasing natural gas price, the specific cost raises significantly and as the price increases 10%, the 536 

SPEC increases by 0.013 $/kWh. Differently to the variation of SPEC, the SPECSR varies obviously 537 

with electricity price, and with constant natural gas price, 0.038 $/kWh, the SPECSR increases 35.79%, 538 

while higher natural gas price could decrease the economic performance, and for per 10% increases, the 539 

SPECSR decreases by 2.90%. The electricity price has a lower impact on the SPEC of IES, but a higher 540 

influence on the separate energy system, because of the higher off-grid electricity consumption, while 541 

the natural gas consumption of IES is lower the consumption of separate one. 542 

 543 

Fig. 9. Exergo-environmental performance of IES with natural gas and off-grid electricity cost increase. 544 

 545 

5. Conclusions 546 

Realizing the problems of separate energy system, an integrated energy system (IES) including the 547 

basic combining cooling heating and power system, solar, electric chiller/hating, and energy storage 548 

devices, is proposed to afford the multiple loads of a residential building. The capacities are optimized 549 

by considering both the energy, matching and exergo-environmental performance in life-cycle chain 550 
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(LCA). The results are mainly summarized as follows: 551 

The maximal energy and matching benefits are 46.46%, and 99.88, respectively, while the lowest 552 

values are 34.87% and 96.01%. Considering the equivalent carbon cost with life cycle method, the 553 

minimal specific exergo-environmental cost of IES is 0.207 $/kWh, with the maximal specific cost saving 554 

ratio, 43.42%, and the capacities of photovoltaic panels (PV) and battery are 0 in this condition. 555 

Compared to other two evaluation methods, the specific cost saving ratio with LCA method is the 556 

largest, 43.42%, while the specific cost with conventional method is the lowest, 0.173 $/kWh, due to the 557 

ignorance of cost caused by life-cycle energy consumption and carbon emission. On the other hand, 558 

because of the solar electricity output, the total energy consumption without LCA method is the lowest, 559 

and the energy benefit, 42.40%, is higher than the benefits of other ideal schemes. 560 

Observing the annual electricity generation, the off-grid electricity only provides 1.76% of total 561 

electricity, while the gas turbine can produce the other power. Over 77% of generated electricity is fed to 562 

the building to fulfil the electrical load, while almost 30% of total electricity is used to produce cooling 563 

in electric cooling/heating units. For the cooling/heating demands, 57.61% heating and 60.85% cooling 564 

is directly fulfilled by absorption heat pump, and 35.92 heating and 36.96 cooling is met by the electric 565 

devices, while the other loads are supplied by tank, and over 97% of natural gas is consumed in gas 566 

turbine to generate electricity and waste heat. 567 

The sensitivity analysis shows that the increasing capacities of PV has positive impact on the energy 568 

saving ratio, due to the decreasing fossil fuel consumption, while it could decrease the matching and 569 

economic performance. Contrarily, the installation of battery would decrease the primary energy saving 570 

ratio, but increase other two indexes. The variations of natural gas and electricity cost have no impact on 571 

energy and matching performance, but the economic performance. Higher natural gas cost can increase 572 

the specific cost, which causes a lower cost saving ratio, while the electricity cost has little impact on 573 

specific cost, but it can improve the cost saving ratio, owing to the higher off-grid electricity consumption 574 

of separate system. 575 
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