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Abstract: An integrated energy system (IES) plays a key role in transforming energy consumption
patterns and solving serious environmental and economic problems. However, the abundant op-
tional schemes and the complex coupling relationship among each piece of equipment make the
optimization of an IES very complicated, and most of the current literature focuses on optimization
of a specific system. In this work, a simulation-based two-step decoupling method is proposed to
simplify the optimization of an IES. The generalized IES is split into four subsystems, and a two-layer
optimization method is applied for optimization of the capacity of each piece of equipment. The
proposed method enables fast comparison among abundant optional configurations of an IES, and
it is applied to a hospital in Beijing, China. The optimized coupling system includes the gas-fired
trigeneration system, the GSHP, and the electric chiller. Compared with the traditional distributed
systems, the emission reduction rate of CO, and NOx for the coupling system reaches 153.8% and
314.5%, respectively. Moreover, the primary energy consumption of the coupling system is 82.67%
less than that of the traditional distributed energy system, while the annual cost is almost at the
same level.

Keywords: simulation-based optimization; integrated energy system; generalized structure; transient

simulation

1. Introduction

Serious environmental and economic problems have been caused by the overcon-
sumption of fossil fuels, and the transformation of energy consumption patterns has been
promoted for the past decade [1-5]. Compared with traditional energy systems, an inte-
grated energy system (IES) has obvious advantages in terms of improving energy utilization
efficiency and reducing pollution emission [6-9]. It couples various forms of energy into a
single system and usually incorporates energy generation, conversion, distribution, and
consumption sectors. Acting as a significant part in the future energy system, it can also
improve the economic benefits of the energy system [10-13].

To achieve an efficient performance of an IES, the system design should be conducted
with care during the planning stage. The modeling of an IES is the first step to solving
the design problem, which acts as a basis of quantifying energy flow between various
devices [14,15]. Abundant research has focused on modeling IESs [16-22]. Qin et al.
proposed a matrix modeling method based on graph theory for multi-energy flows of
IESs [23]. Similarly, an energy internet model was proposed by Sun et al., coupling power,
gas, and thermal networks, and an extended Newton—-Raphson method was adopted
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to calculate multi-energy flow [24]. Moreover, Qin et al. proposed a generalized quasi-
dynamic model for electric-heat coupling integrated energy systems which considered
the heat dynamic process, the meshed network topology, multiple DERs, and variable
mass flow simultaneously [25]. The above studies applied the Energy Network Theory,
which is usually applied in an IES at the regional level. For community or district levels,
where an IES is located close to users, the energy transmission limits can be neglected
because of short-distance transmission. In this case, the energy flows in an IES can be
modeled with the concept of an energy hub (EH) [26,27]. This method can model the
distribution, transformation, and storage of various types of energy flows, as well as the
coupling relationship among all devices throughout the system [28-32]. For a specific
integrated system, the working condition of each component and the relationship between
the energy input and output at a given moment can be calculated by applying the matrix
equation corresponding to the system and the mathematical models of each component in
the system [33,34].

Transient simulation, which enables the comparison of a large number of optional
schemes for an IES with less time and labor, applies this concept [35-38]. For example, to
better analyze the nearly zero-energy buildings, Ferrara et al. proposed an optimization
method based on simulation, in which the TRNSYS simulation platform and the GenOpt
optimization program are coupled [39]. It is validated that such a method is suitable for
dealing with the configuration design problem for an IES. Moreover, another important
advantage of transient simulation is that the dynamic working conditions of each com-
ponent in the system can be modeled accurately. The meteorological parameters and the
energy demands change continuously in reality, which means the loads also change all the
time [40]. The transient simulations can model the changes in energy loads and facilitate the
solution of the dynamic balance between supply and demand at each time point. Therefore,
the results obtained by using this method are more accurate.

System optimization is a key issue in designing an IES. Many scholars have conducted
research on the optimization problem for a specific IES [41-48]. For example, Wu et al.
presented a mixed linear programming model of an IES with electricity and hot water
interchanges, and the robustness of the optimization model was validated by a low-carbon
community [41]. In addition, Mohammad et al. proposed a mixed-integer linear program-
ming model to determine the optimal capacity of each component in various systems [49].
Furthermore, some algorithms, including the genetic algorithm and particle swarm op-
timization, have been proposed and improved, and the optimization efficiency has been
promoted [50-54].

However, such investigations focus on specific energy systems and do not consider
the configuration design. The involvement of energy generation units, energy transmission
units, energy storage units, and energy utilization units causes the configuration design
of an IES to become an extremely complex problem [55,56]. The system’s configuration
is usually diversified, which makes it difficult to design the configuration of an IES in
the most appropriate way [57,58]. In addition, the complex coupling relationship among
system components makes it more complicated. For example, the electric chiller that
generates cooling energy operates based on the power obtained from the main grid or the
distributed power equipment. Furthermore, the absorption chiller uses the heat generated
from equipment like gas turbines. Although the novel optimization algorithms have
promoted the optimization efficiency, the optimization problem of an IES is still far from
being well addressed.

In this work, a two-step decoupling method is proposed to solve the optimization
problem. A generalized IES structure is established, and it is decoupled by splitting it into
four subsystems, including a gas-fired trigeneration subsystem, a heating subsystem, a
cooling subsystem, and a power subsystem. The relationship among the four subsystems is
established through transfer functions written by MATLAB 2022. In this way, the optional
schemes for an IES can be preliminarily screened out based on external conditions, such as
meteorological parameters, geological conditions, resource distributions, and so on. Then,
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for a specific IES, a two-layer optimization method is combined with transient simulation
to determine the capacity of each piece of equipment. As the trigeneration subsystem
provides heat, cooling, and power at the same time, it is strongly coupled with other
subsystems. Therefore, the capacity of the gas turbine is taken as the first layer of the
optimization variable. For each case of the gas turbine’s capacity, the heating load, cooling
load, and electricity load are adjusted on the basis of the amount of energy that can be
provided by the gas turbine. Then, the capacity of other pieces of equipment in the other
three subsystems are optimized. In this way, the system is decoupled and the complicated
optimization problem of an IES is largely simplified.

This paper is organized as follows. In Section 2, a generalized IES is established and
split into four subsystems that are coupled with each other. The model of each subsystem is
established for transient simulation. Then, the two-layer optimization method is introduced.
In Section 3, a specific IES in Beijing, China, is analyzed based on the proposed method. In
Section 4, some conclusions are presented which can give a better understanding of the
content and innovation of our research.

2. Materials and Methods
2.1. The Decoupling of a Generalized Structure of an IES

A typical model of an integrated energy system usually consists of many intercon-
nected source, load, and storage nodes. Energy sources, including solar energy, biomass
energy, natural gas, and electricity, enter the system and are converted to user-demanded
energy, such as heat, cooling, and electricity. Modeling an integrated energy system is the
basis for the optimization of the system’s configuration and operation mode. A generalized
structure of a grid-interactive integrated energy system is established, as shown in Figure 1.
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Figure 1. A generalized structure of a grid-interactive integrated energy system.

*|Cooling transmission
and distribution center

It is illustrated that the heat distribution center, cooling distribution center, and power
distribution center coexist in this generalized structure. Heat input into the heat distri-
bution center can be provided by various forms of energy sources, including a gas-fired
trigeneration system, various types of boilers, various types of heat pumps, a solar energy
collector, and heat storage equipment. The output of the center is connected to the heating
load as well as to the heat storage equipment. Similarly, the cooling input entered into the
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cooling distribution center can be supplied from a gas-fired trigeneration system, electric
chiller, and various types of heat pumps. At the same time, the output is connected to
the cooling load and the cooling storage system. In addition, electricity input into the
power distribution center can be provided by a gas-fired trigeneration system, cogeneration
system, photovoltaic power, wind power, electricity storage equipment, as well as a power
grid. Additionally, electricity provided by the center is distributed to the electricity load,
various types of heat pumps, the electric chiller, the electricity storage equipment, and the
power grid.

This generalized structure of a grid-interactive integrated energy system considers
many types of energy supply equipment and energy conversion equipment. In order to
simplify the coupling relationship among each component, the generalized structure is
split into four subsystems that are coupled together, including a gas-fired trigeneration sub-
system, a heating subsystem, a cooling subsystem, and a power subsystem. Additionally,
the coupling relationship among subsystems is established by using MATLAB software
(version 2022).

A schematic illustration of the gas-fired trigeneration system is shown in Figure 2. A
typical form of the system includes a combustion gas turbine, an electric generator, a heat
recovery steam generator (HRSG), an absorption chiller, and a gas/water heat exchanger.
The residual heat from the exhaust gas is used to drive the absorption chiller and provide
cooling energy in summer, while it generates the heating load in winter by using the
gas/water heat exchanger.
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Figure 2. A schematic illustration of the gas-fired trigeneration system.

Moreover, the heating system is displayed in Figure 3. This subsystem considers
various heat sources, except the exhaust heat produced by the gas-fired trigeneration
system. In this heating system, the solar collector is connected to the water tank, and hot
water provided by the tank is directly transported to the heat user if the water temperature
satisfies the user’s demand; otherwise, it is transported into the inlet of the other heat source
equipment, including the ASHP, GSHP, SSHP, and biomass boiler. The low-temperature
water from the tank will be further heated in the equipment and then provided to the heat
user. In this case, the storage temperature can be maintained at a low level to improve
energy efficiency.
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Figure 3. A schematic illustration of the heating system.
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Furthermore, a schematic illustration of the cooling system is shown in Figure 4. This
subsystem includes different kinds of cooling equipment, except cooling provided by an
absorption chiller within the gas-fired trigeneration system. The equipment that can be
used in this subsystem includes an electric chiller and various types of heat pumps. The
chiller and heat pumps are usually connected in parallel to the system.

RS A (R s Vater I
tank |
|
|

—pp Yater supply

- — —» Backwater
Figure 4. A schematic illustration of the cooling system.

In addition, Figure 5 demonstrates the electric subsystem, which mainly considers
photovoltaic power, wind power, and the power grid as optional power sources, in contrast
to the trigeneration system. In some cases, the system needs to be equipped with an
AC/DC inverter for AC users.

Power grid
Y
Transformer
V¥ind power \
Controller Accumulator
Photovoltaic
panel
Y

Electricity load

Figure 5. A schematic illustration of the electric system.

These four subsystems can be established on the TRNSYS platform separately. Then,
the coupling relationship among the subsystems is represented by transfer functions, which
are written by using MATLAB software (version 2022). In order to simplify the coupling
relationship between the heating system and the cooling system, some equipment can
both exist within the heating and cooling systems, such as heat pumps and water tanks. It
should be noted that they are actually the same equipment, and they should not be counted
twice when calculating investment in the optimization process.

2.2. Mathematical Models of the Subsystems

The mathematical models of the four subsystems are established, which is the basis for
transient simulation. For the gas-fired trigeneration subsystem, the mathematical model
of the gas turbine can be established based on the relationship between the generated
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electricity and the exhaust heat from the discharged smoke. The generated electricity from
the gas turbine can be calculated by Equation (1) as follows:

Ecei = GGENGE,i 1)

where Egp ; represents the electricity generated by the gas turbine at time 7, k] /h; Ggg;
denotes the calorific value of natural gas at time i, k] /h; g ; is the efficiency of the gas
turbine at time i.

The exhaust heat from the discharged smoke is calculated by Equation (2) below:

QCE,i = GGE,MRE,i 2

where Q. ; represents the exhaust heat from the discharged smoke at time i, k] /h; g ; is
the recovery efficiency of the gas turbine at time i. In addition, the generated electricity is
calculated by Equation (3):

Egg,i = 1.758Q¢ ; + 1620T,,; — 1003932 (©)]

1

where T}, ; represents the outdoor dry bulb temperature at time i, °C.

For the heating subsystem and the cooling subsystem, the commonly used equipment
include the solar thermal collector, heat pumps, and various types of boilers. For the
solar thermal collector, the Hottel-Whillier equation is used to calculate the solar collector
efficiency, as shown in Equation (4):

(T; — Tn)*
It

T, —T,
n= & = Fr(Ta), _FRUL(ZITa)

= Al 4)

— FrUp 7
where A is the total area of the collector array, m?; Fg is the total thermal efficiency factor
of the collector; I7 is the total radiation of the solar collector, k] /(H-m?); m is the flow rate
under the operating conditions, kg/h; T, is the ambient temperature, °C; T; is the inlet
temperature of the collector, °C; U, is the total heat loss coefficient per unit area of the
collector, kJ/(h-m?:K); « is the shortwave absorptivity of the heat-absorbing plate; T is
the shortwave transmittance of the collector; and 7, is the shortwave transmittance of the
collector in the vertical incidence of the sun.
For the air-source heat pump (ASHP), the actual heating load can be calculated by
Equation (5):
Qx = mCP(To - Ti) &)

where m is the water flow of heat pump, kg/h; cp is the specific heat capacity of water,
taken as 4.190 kJ / (kg x K). In addition, the heating load and the power consumption are
used to calculate the actual COP, as shown in Equation (6):

Qx  mep(To—T;)  mcp(T, — T;) COPcCOP;

P=== -
COP=7 PuFr1p Ff1,CAPcCAP, ©

where COP( is the COP under nominal working conditions; COP; is the ratio of the COP on
the performance curve provided by the manufacturer to the COP under nominal working
conditions; CAP( is the heating capacity under nominal working conditions; CAP; is the
ratio of the heating capacity on the performance curve provided by the manufacturer to the
heating capacity under nominal working conditions; Fyy, is the ratio of the partial load rate
to the rated power of the equipment.

For the ground-source heat pump (GSHP), the heat transfer of the ground heat ex-
changer is analyzed by the heat conduction model, which is regarded as cylinder in
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numerical calculations. The two-dimensional non-steady-state heat conduction differential
equation is shown in Equation (7) below:

ﬁ = & + 1% + 872t (7)
ot \or2  ror 062
where, & = £ is the thermal diffusivity m?/s; k represents the soil thermal conductivity

PsCs
w/(k-m); pscs is the geothermal specific heat J/ (m3-k). Usually, the finite control volume
method can be applied to solve the above equation.
For the boilers, the output power can be calculated by Equation (8):

Qp,i = Qyf,iBic/3600 8

where Qg ; is the output power of the boiler at time 7, kW; g is the thermal efficiency of the
boiler; 77¢ is the combustion efficiency of the fuel; Qr; denotes the calorific value of the fuel
at time i, kJ.
For the power subsystem, the output power of the photovoltaic panel can be calculated
by Equation (9):
Gr
Gr,s1C

’

Ppy = fpyPpy r 1+ ap(Teert — Teetr,sTC)] )

where Ppy denotes the output power of the photovoltaic panel, kW; fpy represents the
power derating factor, taken as 0.9; Ppyr is the peak output power of the photovoltaic
panel, kW; Gr is the actual illuminance, kW/ m?; Grstc denotes the illuminance under the
standard condition, commonly taken as 1 kW/ m?; ap is the temperature power coefficient,
%/ °C; Ty is the surface temperature of the photovoltaic panel, °C; and T,y stc represents
the surface temperature of the photovoltaic panel under the standard condition, and it is
usually taken as 25 °C.
For the wind turbine, the output power can be calculated by Equation (10):

Pwr(vit1) — Pwr(vi) (0—o) (10)

Pwr(v) = Pwr(v;) + Vi1 —0;
+1 =Y

where Pyr(v;) is the output power of the wind turbine when the wind speed is v;, kW.

2.3. A Two-Layer Optimization Method

For a specific IES, transient simulation is combined with a two-layer optimization
method to determine the capacity of each piece of equipment in the system. The TRNSYS
modeling platform is powerful for conducting transient simulation of an energy system.
The operation mode should be preset before transient simulation. Commonly;, if the gas-
fired trigeneration system is selected, the capacity of the gas turbine can be determined
either by the maximum heating load or the maximum electricity load. The operation mode
of the former case is called “following the heating load mode”, while the latter is called
“following the power load mode”. In this study, the “mixed mode” is applied, indicating
that the capacity of the gas turbine is not preset to meet any type of load, instead, it is also
determined through optimization. Therefore, the generated electricity could exceed the
required load. Since the integrated energy system is usually grid-interactive, the electricity
generated by the gas turbine can be transmitted to the grid.

As the trigeneration system is energy-efficient, the gas turbine is operated in a highly
efficient operating range in each case. Then, the operation strategies of other subsystems
should be determined. The sequence of each piece of equipment for the subsystems is
determined by the operating cost. For the heating subsystem, cooling subsystem, and
power subsystem, the sequence of operation for all possible pieces of equipment is listed in
Table 1 below.
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Table 1. The sequence of operation for the equipment in the three subsystems.

Type of Subsystem Sequence of Operation for Various Pieces of Equipment
Heating subsystem Solar collector > GSHP > ASHP or biomass boiler > gas-fired
boiler > coal-fired boiler
Cooling subsystem GSHP > ASHP > electric chiller
Power subsystem Photovoltaic power or wind power > power grid

The priority of the biomass boiler and the ASHP is the same in most cases. However,
the performance of the ASHP varies as the outdoor temperature changes, and the priority
of these two pieces of equipment should be determined based on the actual operation cost.

Then, a two-layer optimization method is applied. As the trigeneration subsystem
provides heat, cooling, and power at the same time, it is strongly coupled with the other
subsystems. Therefore, the capacity of the gas turbine is taken as the first layer of the
optimization variable. For each case of the gas turbine’s capacity, the heating load, cooling
load, and electricity load are adjusted based on the amount of energy that can be provided
by the gas turbine. Then, the energy balance between the residual loads and the energy
provided by the other subsystems is taken as the constraint for the optimization process.
The constraints are listed in Equations (11)—(14):

Qresin = Y oq Qi (11)
Quese = ; Qu/ (12)
Qrese = Zl Qu; (13)
Qui < Qegue (14)

where Qs 1, Qres,c, and Qyes o represent the residual heat load, cooling load, and electricity
load, respectively. Qy ;, Q. ;, and Q, ; denote the actual heating power, cooling power, and
electric power of the i-th piece of equipment, respectively. In addition, Q,,; indicates
the actual power of the i-th piece of equipment, and Qegu,c denotes the rated power of
the i-th piece of equipment. It should be noted that the above constraints only consider
energy balance and the limitation of the equipment capacity; in some practical cases, more
constraints should be considered. For example, if the accommodation space for a gas
turbine is limited, there should be a constraint of the gas turbine’s capacity.

Moreover, for the objective optimization function, many factors should be taken into
account, including economy, energy consumption, and pollutant emissions. The objective
optimization function is denoted as F, which is obtained from the weighted summation
of the annual cost-saving rate, primary energy-saving rate, and shadow cost-saving rate
of environmental pollutants. The objective optimization function can be calculated by
Equation (15) as follows:

F=aM; + M, + yMs (15)

where Mj, M;, and M3 represent the annual cost-saving rate, primary energy-saving
rate, and shadow cost-saving rate of environmental pollutants, respectively. «, 8, and
represent the weighting coefficients of the three factors. Taking the equipment capacity
as the optimization variable, optimization can be achieved under the constraint of power
balance. M can be calculated by Equations (16)—(20) as follows:

ATCx
ATC,

My =1- (16)
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Pxi
c= (18)

1—(1+1i)
Cf = Z {Cg(VGB,i + VGE,i) + Cc(mCB,i + mCHP,i) + cpymppi + Ce,buype,buy,i - Ce,sellpe,sell,i (19)
Cn=uxP (20)

where ATC is the annual cost, yuan; C. is the annualized value of investment of each piece
of equipment, yuan; Cg is the operation cost of the IES, yuan; Cy, is the annual maintenance
cost of the IES, yuan; P is the total investment, yuan; 7 is the annual interest rate, 6.5%; n is
the operating life, 20 years; cg is the price of the natural gas, yuan/ m3; Vg, is the natural
gas consumed by the gas turbine, m3; Vg ; is the natural gas consumed by the gas boiler,
m>; Ce,sell 1S the feed-in tariff, yuan/kWh; ce byy is the power purchase price, yuan/kWh; p
is the proportionality coefficient, which is taken as 0.03; ATCx is the annual cost of the IES;
and ACT) is the annual cost of a benchmark system.

The primary energy consumption of the system is the sum of the primary energy
converted from the power consumption, gas consumption, coal consumption, and biomass
consumption. M, can be calculated by Equations (21) and (22):

PEC
M, =1- PEC;‘ (21)
3600P, p, i 3600P, ;
PEC =Y | ——=" 4+ CV, (Vg + VGE,:) + CVe(mcp; + mcpp,) + CVympp, — sl (22)
Ngridfe Ngride

where PEC is the primary energy consumption of the IES, KJ; 74141 is the average power
supply efficiency of a power plant, which is taken as 0.92; CVy is the calorific value of
natural gas, taken as 35,588 k] / m3; CV, represents the calorific value of coal, and it is taken
as 16,743 k] /kg; mpp ; is the biomass consumption at the time i, kg /h; 7 is the transmission
efficiency of the grid, taken as 0.35; PECx and PEC represent the PEC value of the IES and
the benchmark system, respectively.

It is known that an IES could generate various environmental pollutants, including
CO,, NOx, and SO;,. Since different pollutant emissions have different impacts on the
environment, a unified standard is needed to evaluate the environmental impacts caused
by various pollutants. The shadow cost is adopted in this study to quantify the impact of
various pollutants. This indicator means the cost of treating the emitted pollutants. In this
way, the impacts of different pollutants can be quantified and compared. The shadow cost
of environmental pollutants can be calculated by Equations (23) and (24) as follows:

PSC = T x CDE + Ty x NOE + Ts x SOE (23)
PSC,

Mz =1-— 24

3 PSCo (24)

where PSC represents the shadow cost of environmental pollutants, yuan; T is the shadow
cost of CO,, yuan/t; CDE is the emission amount of CO», t; Ty is the shadow cost of NOx,
yuan/t; NOE is the emission amount of NOx, t; Ts is the shadow cost of SO,, yuan/t; SOE
is the emission amount of SO,, t. PSCx and PSC, denote the PSC value of the IES and the
benchmark system, respectively. The values of T¢, T, and Tg are taken as 20.83, 8006.84,
and 7843.16, respectively.

In order to consider the environmental impacts caused by the IES, the amount of
various pollutant emissions produced by the IES should be calculated accurately. The
power emission factor is introduced to link the amount of pollutant emissions and the
generated electricity. If the generated electricity exceeds the load, the extra electricity will
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be transmitted to the grid; in this case, the environmental impacts caused by the on-grid
electricity should not be counted.

Moreover, the sources of CO; emissions of an IES mainly include the burning of coal
and gas, the power obtained from the grid, as well as the leakage of the refrigerating
fluid [59]. The calculation of the CDE of an IES is shown in Equation (25):

CDE — (CENG 4 CmerxEewecns | CnerXEcwpmn | CMLRXEGWP,CH4>

10° 10° 106 100
XVanG + (Ebuy - Esell) x (1+86) x Cefy (25)
3.6
+0ma  Qry x Cpr +2.66 X mpg

where CDE is the CO, emission amount, t; V oNG is the natural gas consumption each year,
GJ/a; Cgng denotes the emission coefficient of natural gas, taken as 58.5 kg/GJ; Cygr is
the emission coefficient of methane, taken as 1.4 kg/TJ; Cngr denotes the N,O emission
coefficient, taken as 2.3 kg /T]. Egwp, cra and Egwp, mn denote the global warming potential
of methane and N,O, respectively. The values are 21 and 310, respectively. In addition,
CmrR is the leakage rate of methane, taken as 0.3 kg/G]J; 6 denotes the power loss and its
value can be taken as 8%; Cefy is the power emission factor, taken as 0.90255 t/MVh; Qmax
is the maximum cooling load of the electric chiller, kW; Qpyg represents the unit amount of
refrigerant charge, taken as 464 kg; Cgr is the leakage rate of the refrigerant and the value
is 5%; and mp is the amount of coal consumption in the IES, t.

The NOx emissions of the system are calculated according to the emission factors
of different pieces of equipment in the system. The sources of NOx emission and the
corresponding emission factors are listed in Table 2 [60,61]. Moreover, the SO, emissions in
an IES mainly come from the consumed coal. Furthermore, if the electricity produced by
the system comes from a coal-fired thermal power plant, this portion of electricity should
be converted to the amount of coal consumed to calculate the SO, emissions. The amount
of SO, emissions can be calculated based on Equation (26):

SOE = 1.6 x S x mg (26)

where SOE denotes the SO, emission amount of the IES, kg; S indicates the sulfur content.
Usually, this value can be taken as 0.6~1.5%.

Table 2. The NOyx emission factors [60,61].

Sources of Emission Emission Amount
Gas boiler 0.2556 kg-MWh !
Absorption chiller 0.1008 kg-MWh !
Heat generated by gas turbine 0.32 kg-MWh~!
Electricity from grid 2.78 kg-MWh~!

Furthermore, the GenOpt optimization program coupled with the TRNSYS software
(version 17) is used to optimize the capacity of each piece of equipment. The optimization
process is shown in Figure 6. For each case of the gas turbine’s capacity, the initial con-
figuration, i.e., the capacity of each piece of equipment in the other three subsystems, is
randomly generated. Then, the objective function F is calculated. A new population can be
generated using the genetic algorithm, and the process is iterated 200 times to obtain the
best solution for the present case. Finally, the best solutions of various cases are compared,
and the final scheme is obtained. In this way, the complicated optimization problem of an
IES is largely simplified, and the speed of the optimization calculation is improved.
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Choose the capacity of the gas turbine

!

Calculate the energy provided by the
trigeneration subsystem

l

Obtain the residual loads

l

Generation of the initial population

l

Whether the termination
condition is satisfied

lNo

Calculate the fitness value A new population is obtained
for each individual

l

Select genetic operators by Select an individual to mutate and insert
probability into the new population

l I

Select an individual to join Select two individuals to cross and insert
the new group into the new group

Yes
The results are obtained and the
program is terminated

Figure 6. A schematic illustration of the optimization process.

3. Results and Discussion

The proposed design method for a grid-interactive integrated energy system is applied
in a hospital in Qinghe District, Beijing, China. The hospital includes many functional
areas such as the emergency department, outpatient department, and inpatient department,
which are in operation throughout the day. The hospital has a total floor area of 75,337 m?,
of which about 64,000 m? are air-conditioned. In order to compare the integrated energy
system with traditional energy systems, only the loads in the heating and cooling seasons
are considered. Additionally, the power consumed by the equipment in the system is taken
as the power load. The heating season in Beijing is from November 15 to March 15 of the
following year, that is, 0-1776 h and 7656-8760 h each year. The cooling season is from June
15 to September 15, which is 3961-6192 h each year. DeST software (version 2.0) is applied
to obtain the exact heating load and cooling load throughout the year, which are shown
in Figure 7. To distinguish it from the cooling load, the heating load is represented by a
negative value. It is shown that the maximum heating load is 4916 kW and the maximum
cooling load is 7975 kW.

8000
6000 4
4000 4

2000 4

Load (KW)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov | Dec

-2000

-4000

Time (month)

Figure 7. The dynamic heat and cooling load throughout the year.



Electronics 2024, 13, 2045

12 0of 19

The optional equipment that could apply to this hospital are screened out at first. As
the hospital can use natural gas supplied by the gas network conveniently, the trigeneration
subsystem is selected in the energy system. Moreover, the GSHP is found to be suitable to
undertake the heating load for this specific project. Furthermore, it is illustrated that the
maximum cooling load is much higher than the maximum heating load. In order to avoid
energy waste, the electric chiller acts as an auxiliary piece of equipment to complement the
residual cooling load. Therefore, the heating subsystem includes the GSHP, and the cooling
subsystem includes the GSHP as well as the electric chiller. As the system is grid-interactive,
the excess power supplied by the trigeneration system can be sold to the grid.

Various schemes of the IES in this project can be built on the TRNSYS platform for
transient simulation. According to the sequence of operation, as described in the previous
section, the gas-fired trigeneration subsystem is operated at first. In the heating season,
the exhaust gas of the gas turbine is used for heating. The GSHP undertakes the heating
load; in the cooling season, both the GSHP and the electric chiller complement the residual
cooling load. Therefore, two energy balance equations, as shown in Equations (27) and (28),
can be established:

Q(I)_,IGP + Qg)_,IHX = QH,max (27)

Q((J:,GP + QS,AC + QS,EC = Qc,max (28)

where Qgc p is the rated heating power of the GSHP; Q(If x is the rated heating power of
the gas/water heat exchanger; Q(?,GP’ QOC, acrand Qg, rc are the rated cooling power of the
GSHP, the absorption chiller, and the electric chiller, respectively; Qp yqx is the maximum
heating load, while Q¢ 4y is the maximum cooling load. Therefore, the optimization
variable is the capacity of the gas turbine in this case.

In order to prevent the subjective selection of weighting coefficients from affecting the
optimization results, different values of weighting coefficients are selected for optimization,
as shown in Table 3 below.

Table 3. Different values of weighting coefficients.

Case o4 B Y Case
1 1/3 1/3 1/3 1
2 0 2/3 1/3 2
3 0 1/3 2/3 3
4 1/3 0 2/3 4
5 2/3 0 1/3 5
6 1/3 2/3 0 6
7 2/3 1/3 0 7

The price of each piece of equipment used in the calculation is shown in Table 4.
The natural gas price for power generation is taken as 2.39 CNY/m?, while that for heat-
ing and cooling supply is 2.49 CNY/m3. Moreover, the on-grid tariff of natural gas is
0.65 CNY/kWh. Furthermore, the price of sharp electricity, peak electricity, shoulder elec-
tricity, and off-peak electricity is 1.440 CNY/kWh, 1.310 CNY/kWh, 0.785 CNY/kWh, and
0.311 CNY/kWh, respectively.

Figure 8 shows the system’s configuration for different values of the gas turbine’s
capacity. The maximum value corresponds to the capacity of the gas turbine that can
completely undertake the maximum heating load, and the GSHP is eliminated. It is
indicated that the capacity of the absorption chiller decreases linearly as the capacity of the
gas turbine increases. In addition, the capacity of the electric chiller fluctuates around 3000
to 4000 kW, because it is mainly used to complement the residual cooling load.
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Table 4. The price of each piece of equipment used in the calculation.

Equipment Price
Gas turbine 4500 CNY/kW
Absorption chiller 455 CNY/kW
Gas/water exchanger 200 CNY/kW
HRSG 120 CNY/kW
GSHP 600 CNY/kW
Geothermal well 7500 CNY /well
Gas boiler 145 CNY/kW
Electric chiller 635 CNY/kW
6000
< —Absorption chiller
= 5000 pHOR
< Electric chiller
54000
=
S
3+
, 3000
o
<
© 2000
:.:.
2
&, 1000
c
0

0 500 1000 1500 2000 2500 3000
Capacity of the gas turbine (kW)
Figure 8. The system’s configuration for different values of the gas turbine’s capacity.

Moreover, the parameters associated with system performance are shown in Figure 9.
Both the operation cost and the income from the on-grid electricity reduce as the capacity
of the gas turbine increases. A reduction in the GSHP’s capacity leads to a smaller power
consumption of the system, thereby increasing the on-grid electricity. Moreover, the
operation cost of the GSHP is mainly from the consumed electricity, which is much lower
than the cost of natural gas used in the gas turbine. However, the income from the on-grid
electricity produced by the gas turbine can offset a large proportion of the operation cost.
Thus, the annual cost remains almost the same as the capacity of the gas turbine increases.
Furthermore, the primary energy consumption and the shadow cost of environmental
pollutants show opposite trends as the capacity of the gas turbine increases. The higher
the capacity of the gas turbine, the more gas it consumes. Therefore, the primary energy
consumption reaches its peak when the gas turbine can undertake the maximum heating
load. Additionally, the impact of the on-grid electricity needs to be subtracted when
calculating the shadow cost of environmental pollutants. The more on-grid electricity
there is, the smaller the shadow cost of environmental pollutants. Figure 10 summarizes
the relationship between the objective optimization function F and the capacity of the
gas turbine for various cases. It is illustrated that the maximum F corresponds to a gas
turbine capacity of 2790 kW in most cases, indicating the most suitable configuration of the
integrated energy system.

A comparison of the cooling load and the heating load borne by each piece of equip-
ment for the most suitable configuration is shown in Figures 11 and 12, respectively. It
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is illustrated that the trigeneration subsystem undertakes a large part of the cooling load
and most of the heating load, while the GSHP bears only a small part of the heating load.
Because of the greater cooling load compared with the heating load, the electric chiller also
replenishes a certain amount of cold energy.
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Figure 9. The system’s performance for different values of the gas turbine’s capacity.
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Figure 10. The relationship between F and the capacity of the gas turbine for various cases.

In order to demonstrate the advantages of the integrated energy system, the coupled
system is compared with the traditional distributed system and the separate GSHP system.
The annual cost, primary energy consumption, and pollutant emissions of the three systems
are obtained from the simulation, as shown in Table 5. The optimized integrated energy
system can help reduce the annual cost and energy consumption, and is also environ-
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mentally friendly. Since most of the generated power from the coupled system is on-grid,
it should be deducted in the calculation of pollutant emissions; so, the coupled system
can significantly reduce carbon dioxide and nitrogen oxide emissions. Compared with
the separate GSHP system and the traditional distributed energy system, the emission
reduction rate of NOx reaches 311.8% and 314.5%, respectively. Similarly, the reduction
rate of CO, emissions is 158% and 153.8%, respectively. Moreover, the annual cost of the
coupled system is much lower than that of the separate GSHP system, and is comparative
to the traditional distributed energy system. Furthermore, the primary energy consumption
of the coupled system is 82.67% less than that of the traditional distributed energy system,
indicating a great potential in reducing traditional energy consumption.

GSHP
16,000,0007 —— Electric chiller
Absorption chiller
14, 000, 000
12, 000, 000
10, 000, 000
8, 000, 000

6, 000, 000

Load (KW)

4, 000, 000

2,000, 000

0 T T T T T I I I
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2, 000, 000

4, 000, 000 -
Time (month)

Figure 11. The cooling load contributed by each piece of equipment.
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40007 —— Heat exchanger

3000 ]

2000

Load (KW)

1000

0 T T T T T T T T T T T I
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Time (month)

Figure 12. The heating load contributed by each piece of equipment.
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Table 5. A comparison of the coupled system with the separate GSHP system and the traditional
distributed energy system.

System Configuration

Annual Cost/Ten Primary Energy

Thousand Yuan Consumption/GJ CO; Emission/ton =~ NOyx Emission/kg

The coupling system
The GSHP system

424 11,113 —1903 —21,676
519 41,158 3588 10,234

The traditional distributed system 438 64,113 4893 10,106

References

4. Conclusions

In this study, a simulation-based two-step decoupling method is proposed to simplify
the optimization of an IES. A generalized IES structure is established, which includes
various types of energy equipment related to generation, transmission, storage, and utiliza-
tion. It is decoupled into four subsystems, including a trigeneration subsystem, a heating
subsystem, a cooling subsystem, and a power subsystem. Then, a two-layer optimization
method is applied to simplify the capacity optimization problem. The capacity of the
gas turbine is taken as the first layer of the variable, and the capacity of the equipment
in the other subsystems is taken as the second layer of the variable. In this way, a fast
comparison among abundant optional configurations of an IES is enabled, and a hospital
in Beijing, China, is analyzed based on the proposed method. The optimized coupling
system includes the gas-fired trigeneration system, the GSHP, and the electric chiller. The
relationship between the objective optimization function F and the capacity of the gas
turbine is calculated and plotted. In this IES, the trigeneration subsystem undertakes a
large part of the cooling load and most of the heating load. Because of the greater cooling
load compared with the heating load, both the GSHP and the electric chiller bear a certain
amount of cold energy. Compared with the traditional distributed systems, the reduction
rate of CO, and NOx emissions for the coupling system reaches 153.8% and 314.5%, respec-
tively. Moreover, the primary energy consumption of the coupling system is 82.67% less
than that of the traditional distributed energy system, while the annual cost is almost at the
same level. Therefore, the optimized IES has obvious advantages compared with the GSHP
system and the traditional distributed system in terms of the economy, energy savings, and
environmental benefits.
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