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Abstract: Operation strategies for a park-level integrated energy system (PIES) in terms of carbon
prices and feed-in tariffs, have not been adequately studied. This paper addresses this knowledge
gap by proposing operation strategies based on the PIES driven by biogas, solar energy, natural gas,
and the power grid. Meanwhile, the electricity-driven dispatching strategy (EDS), thermal-driven
dispatching strategy (TDS), cost-driven dispatching strategy (CDS) are compared to assess their
impacts on operation cost, carbon dioxide emissions, etc. The flexibility and complementarity of the
three operation strategies in energy supply are analyzed in detail. The results indicated that biogas
was the main energy supply fuel, accounting for 46% to 72% of the total energy supply. About 33% to
54% of electricity was transmitted to the grid each month using the TDS. The annual initial capital
cost of the CDS was only 1.39% higher than that of the EDS. However, the annual operation cost of
the EDS was 16.86% higher than that of the CDS. The emissions of the EDS were the lowest, and the
CDS had 38.51% higher emissions than the EDS. In the CDS, the ratio of carbon emission costs to
operation costs was as high as 0.80 when the carbon tax reached USD 100/ton. The carbon tax had
a greater impact on the CDS than the other strategies. Feed-in tariffs had a greater impact than the
carbon tax on the TDS. This study provides an effective method for the selection of optimal operation
strategies in regards to carbon prices and feed-in tariffs.

Keywords: energy system; biogas; carbon; strategy; optimization

1. Introduction

A park-level integrated energy system (PIES) is an important strategy to achieve
renewable energy consumption and carbon reduction [1]. Past research on PIESs mainly
focused on system design and operation strategies. Reasonable configuration of the equip-
ment and coordinated optimization of the operation strategies can significantly improve
the utilization rate of energy and reduce costs [2]. Therefore, reasonable design and flexible
operation strategies are necessary to maintain the stability and economy of a PIES.

The optimal design of a PIES involves arranging the type and capacity of the equip-
ment before project implementation [3,4]. The operation strategy, affecting whether a
PIES can perform to its designed potential, is another key factor. The most commonly
used strategies are the electricity-driven dispatching strategy (EDS) and thermal-driven
dispatching strategy (TDS) [5]. The EDS is known as the electricity-led strategy or electric
demand management; similarly, the TDS is known as the heat-led strategy or thermal
demand management [6]. However, both operation strategies have the disadvantage of
generating excess heat or electricity because the energy demand constantly changes with
the seasons and there is no fixed thermoelectric ratio.

Previous studies have improved operation strategies to better match the PIES.
Mago et al. [7] proposed the PIES following a hybrid electric-thermal load (FHL), which has
better performance compared to the EDS and TDS in terms of operation cost and carbon
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dioxide emissions. Zheng et al. [8] proposed an operation strategy for the PIES based
on minimum distance, which has better matching performance compared with the EDS,
TDS and FHL strategies. Afzali et al. [9] proposed a novel performance curve strategy
based on power generation unit operating ranges for energy loads above and below the
PIES operating curve. Zhao et al. [10] proposed a following operation cost strategy to
determine the minimum operation cost. In addition, a mathematical model is an effective
tool for the optimal configuration of the PIES. Linear programming (LP) [11], mixed-integer
linear programming (MILP) [12], mixed-integer nonlinear programming (MINLP) [13], and
multi-objective programming (MOP) [14] are extensively used in system optimization.

A sound evaluation of the design and operation of a PIES is also worth studying in
depth. Generally, evaluation indices are considered from three aspects: total cost, primary
energy consumption, and carbon dioxide emissions. Cho et al. [15] showed that there was no
overall common trend among the three evaluation indices since optimizing one index might
cause inverse optimization of the other two. Abdollahi et al. [16] presented a multiobjective
optimization of a small-scale PIES in terms of the exergetic efficiency, total levelized cost
rate of the system product, and the cost rate of the environment. Boyaghchi et al. [17]
proposed a novel PIES combined with an organic Rankine cycle (ORC); the system was
optimized with three objective functions of total product cost rate, exergy efficiency, and
thermal efficiency. Qian et al. [18] proposed a wind-solar PIES and introduced exergy
theory to evaluate the economics and sustainability.

Among all evaluation indices, CO2 emissions are receiving increasing attention. Car-
bon trading and carbon taxes are the two most common carbon emission reduction tools
used by governments [19]. A carbon tax is a price-oriented policy tool introduced by
national governments that is relatively fixed and inflexible. Several studies have examined
the impact of carbon tax on PIES. Ref. [20] showed that the introduction of a carbon tax
could accelerate the rollout of PIESs. When the carbon tax reached USD 25/ton, the PIES
became a good choice for the energy supply system. Zeng et al. [21] proposed an off-design
optimization model of a PIES-GSHP (ground source heat pump) system when considering a
carbon tax. Therefore, to achieve the goal of carbon neutrality, carbon should be considered
as a financial product in the design and operation of the PIES [22]. Meanwhile, since PIESs
can transmit electricity to the local grid, the impact of feed-in tariffs on system operations
should also be further investigated.

The sludge treatment methods of a sewage treatment plant (SWTP) include dry incin-
eration, sanitary landfill of sludge, fertilizer, etc. However, there are few studies on the
anaerobic fermentation of sludge to generate biogas and the use of biogas as fuel to provide
energy for the SWTP. The stable daily sewage treatment capacity of the SWTP can produce
a stable biogas supply. It is possible to build a PIES in the SWTP. However, there are few
studies on the integrated energy system for the SWTP. This paper presents a PIES which
uses biogas produced by anaerobic fermentation of sewage as the main fuel. This system
can provide sewage treatment plant production and domestic energy. The contributions of
this paper are summarized as follows: (1) An optimization model of biogas-based PIES is
proposed, including initialization input, optimization method, multi-performance analysis,
and final decision. (2) A CDS including the complementary characteristics of biogas, solar
energy, natural gas, and power grid is proposed. (3) A comparison of the operation costs of
CDS, EDS, and TDS in terms of a carbon tax and feed-in tariffs.

The remainder of this paper is organized as follows: Section 2 describes the method-
ology of this study and Section 3 proposes a case study. The optimization results and
discussion are provided and analyzed in Section 4. Conclusions are given in Section 5.

2. Methodology
2.1. System Description

As shown in Figure 1a, Burno et al. [23] studied a biogas production system built in an
SWTP. The system had two anaerobic digesters with biogas production of 2500 Nm3/day.
The same techniques and models are used in this paper. Anaerobic digesters treat sewage
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and continuously produce biogas. Biogas will be preferred by the PIES because it is not
suitable for long-term storage due to its large storage space. Thus, PIES operation strategies
should be designed to use as much biogas as possible [24]. In addition, natural gas replaces
biogas for power generation and heating when biogas is scarce. The waste heat collected
by the heat recovery system or the heat from the gas-fired boiler maintains the necessary
temperature for biogas fermentation.
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Figure 1. Schematic configuration of the PIES system in the SWTP. (a) shows the process of producing
biogas. (b) shows the diagram of the PIES.

The heat required for the anaerobic digesters is composed of three parts. The first part
is the heat required to raise the temperature of the digesters to the optimum fermentation
temperature. The second part is the heat loss at the boundaries of the digesters. The
third part is the heat loss from the inlet and outlet pipes. The heat required for the biogas
generation process in the anaerobic digesters can be expressed as follows:

Qdig(t) = Qslu(t) + Qlos(t) + Qpip(t) (1)
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where Qslu is the heat required to raise the sludge from the inlet temperature to the
fermentation temperature and Qlos is the heat loss at the boundaries of digesters. Through
the insulation measures, the heat loss of the pipelines (Qpip) is relatively small and can be
ignored. Qslu and Qlos can be expressed as follows:

Qslu(t) = msluCp∆Tslu
Qlos(t) = Qbase(t) + Qwall(t) + Qroof(t)
Qξ(t) = Uξ Aξ∆Tξ , ξ ∈ {base, wall, roo f }

(2)

where Qbase, Qwall, and Qroof represent heat loss through the base, wall, and roof, respec-
tively. Ubase, Uwall, and Uroof represent the heat transfer coefficient of the base, wall, and
roof, respectively. Abase, Awall, and Aroof represent the areas of the base, wall, and roof,
respectively. ∆T is the temperature difference between each part and the external air. The
parameters of the digesters used to calculate the heat are listed in Table 1.

Table 1. Parameters of two digesters [23].

Items First Digester Second Digester Unit

Temperature 308.15 323.15 K
Wall area 760 380 m2

Roof area 387 193 m2

Base area 400 200 m2

Wall HTC 1.53 1.53 W/m2K
Roof HTC 3.31 3.31 W/m2K
Base HTC 0.63 0.63 W/m2K

As shown in Figure 1b, the PIES consists of an internal combustion engine (ICE) unit,
a gas-fired boiler unit, a photovoltaic (PV) unit, a heat recovery unit, an absorption chiller
unit, an electric chiller unit, and a heat exchanger unit. The PIES is connected to the local
power grid for bidirectional transmission of the power. The PIES is built in the SWTP to
fulfill the energy demand of the plant. Sludge from the SWTP passes through the anaerobic
digester to produce biogas, which is the main fuel for the ICE. In this paper, the fuels for
the ICE consist of biogas and natural gas. It is feasible for some companies to manufacture
an ICE that can burn a mixture of biogas and natural gas, such as the MWM company in
Germany [25]. Electricity is supplied by the ICE, PV, or the local grid. Then, the waste heat
from the ICE is collected by the waste heat recovery system and utilized to produce cooling
or heating loads in the absorption chiller or heat exchanger, respectively. The heat supplied
by the gas-fired boiler operating with natural gas is complemented by waste heat recovered
from the ICE. The cooling load is supplied by the electric or absorption chiller. In the SWTP,
the energy demands include the energy required for the office, the electricity required for
production, and the heat required to generate biogas.

2.2. Constraints on Energy Balance and Conversion

(1) Constraints on energy balance
The constraints on the energy balance mean that the PIES must satisfy the electricity,

heating, and cooling demands. The equation for the electricity balance can be expressed
as follows: {

Pgrid(t) + Ppv(t) + αPice,biogas(t) + βPice,ng(t) = Pel(t) + Pec(t)
α + β ≤ 1, α, β ∈ {0, 1} (3)

where Pgrid and Ppv are the electricity from the grid and PV, respectively. Pice,ng and
Pice,biogas are the electricity generated by ICE burning natural gas and biogas, respectively.
Pel and Pec are electricity demands of the SWPT and the electric chiller, respectively.
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The equation for the heating balance can be expressed as follows:{
(Qgb(t) + ηwh · (αQice,biogas(t) + βQice,ng(t))−Qac(t))ηhe = Qhl(t)
α + β ≤ 1, α, β ∈ {0, 1} (4)

where Qt
gb represents the heat from the gas-fired boiler, respectively; Qt

ac represents the
heat into the absorption chiller; Qt

hl represents the heating demands; and ηhe represents the
efficiency of the heat exchanger.

The equation for the cooling balance can be expressed as follows:

COPec · Pec(t) + COPac ·Qac(t) = Qcl(t) (5)

where COPec and COPac represent the coefficient of performance of the electric chiller and
absorption chiller, respectively, and Qt

cl represents the cooling demands.
(2) Constraints on energy conversion
Photovoltaic power generation can be expressed as follows [26]:

Ppv(t) = Ppv,N fpv(
G(t)
Gref

)[1 + γ(T(t)− Tref)] (6)

where Ppv,N is the rated power of the photovoltaic system; fpv is the power generation
efficiency of the photovoltaic system; G is the solar irradiation; Gref is the reference solar ir-
radiance; γ is the temperature coefficient; T is the operating temperature of the photovoltaic
cell; and Tref is the reference temperature of the photovoltaic cells.

The ICE generates electricity (Pice) and waste heat (Qice) by consuming natural gas
and biogas [27]. {

Pice(t) = ηiceFice(t)
Qice(t) = (1− ηice)Fice(t)

(7)

where Fice is the natural gas or biogas consumed by the ICE and ηice is the electric efficiency
of the ICE. The rated electrical efficiency of the ICE using natural gas can be expressed as
follows [28]:

ηice,0 = 28.08 · (Nice)
0.0563 (8)

where ηice,0 is the electric efficiency at the rated capacity and Nice is the rated capacity. The
relationship between the electric efficiency and the load rate of the ICE can be expressed as
follows [29]:

ηice,ng = (0.13 + 2.47rice − 1.6r2
ice)ηice,0 (9)

where rice represents the load rate. The electrical efficiency of the ICE using biogas can be
expressed as follows [30]:

ηice,biogas =
Nice

Qf
= (0.102

LHVf
LHVng

+ 0.897)ηice,0 (10)

The heat value of gas fuels Qf can be written as follows:

Qf = vfLHVf (11)

where LHVf is the lower heating value of the fuel (MJ/Nm3) and vf is the volume flow
rate (Nm3/h).

The boiler is used as an auxiliary equipment to supply the insufficient heating demand.
Qgb can be expressed as follows:

Qgb(t) = ηgbFgb(t) (12)
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The cooling loads generated by the electric chiller can be expressed as follows:

Qec(t) = COPecPec(t) (13)

The absorption chiller utilizes heat energy from the heat recovery system or gas-fired
boiler. The cooling loads produced by the absorption chiller can be expressed as follows:

Qac,out(t) = COPacQac,in(t) (14)

2.3. Constraints on Operation Strategies

(1) Electricity-driven dispatching strategy
The electricity-driven dispatching strategy (EDS) uses electricity demands as a basis

to determine the heat output of the system. As renewable energy sources with no CO2
emissions, solar energy and biogas are preferentially used in the PIES. The grid and natural
gas are used to fill the energy supply gap. The operation status of the PIES is shown in
Figure 2 [7]. When the ICE works at point A0, the electricity and heat output through
energy conversion equipment are PA0 and QA0 , respectively. In this situation, the PIES
operates as follows:

a : (Pel − Ppv = PA0) ∧ (Qhl = QA0)→ (QGB = 0) ∧ (PGrid = 0)
b : (Pel − Ppv = PA0) ∧ (Qhl = QA1 < QA0)→ (Qgb = 0) ∧ (Pgrid = 0)
c : (Pel − Ppv = PA0) ∧ (Qhl = QA2 > QA0)→ (Qgb = QA2 −QA0) ∧ (Pgrid = 0)

(15)

where Equation (15)a represents the PIES meeting the energy demands; Equation (15)b
represents the PIES generating excess heat (QA0 −QA1); Equation (15)c represents the PIES
system requiring extra heat (QA2 −QA0); and “∧” means “and”.
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When the PIES operates under full load conditions (point B0), the electricity and heat
output through the energy conversion equipment are Pmax and Qmax, respectively. At this
moment, the PIES functions as follows:

a : (Pel − Ppv = Pmax) ∧ (Qhl = Qmax)→ (Qgb = 0) ∧ (Pgrid = 0)
b : (Pel − Ppv = PB1 > Pmax) ∧ (Qhl = QB1 < Qmax)→ (Qgb = 0) ∧ (Pgrid = PB1 − Pmax)
c : (Pel − Ppv = PB2 > Pmax) ∧ (Qhl = QB2 > Qmax)→ (Qgb = QB2 −Qmax) ∧ (Pgrid = PB2 − Pmax)

(16)

where Equation (16)a represents the PIES meeting the energy demands; Equation (16)b
represents the PIES generating excess heat (Qmax − QB1); and Equation (16)c represents
the PIES requiring extra heat (QB2 −Qmax).

(2) Thermal-driven dispatching strategy
The thermal-driven dispatching strategy (TDS) is an operation strategy that uses heat

demands as a basis to determine the electricity output of the PIES. The TDS prioritizes
meeting heat demands through heat recovered from the ICE and gas-fired boiler. The
operation state of the ICE is shown in Figure 3 [7]. If the heat demand is too small to meet
the minimum start-up conditions of the ICE, the heat is supplied by the gas-fired boiler.
When the ICE works at point A0, the electricity and heat output through the various energy
conversion equipment are PA0 and QA0 , respectively. In this situation, the PIES operates
as follows:

a : (Qhl = QA0) ∧ (Pel − Ppv = PA0)→ (Qgb = 0) ∧ (Pgrid = 0)
b : (Qhl = QA0) ∧ (Pel − Ppv = PA1 > PA0)→ (Qgb = 0) ∧ (Pgrid = PA1 − PA0)
c : (Qhl = QA0) ∧ (Pel − Ppv = PA2 < PA0)→ (Qgb = 0) ∧ (Pgrid,s = PA0 − PA2)

(17)

where Equation (17)a exactly meets the energy demands; Equation (17)b requires additional
electricity (PA1 − PA0), which is supplied by the grid; and Equation (17)c transfers surplus
electricity (PA0 − PA2) to the grid. When the ICE operates at the full load condition (point
B0), the electricity and heat output through the various energy conversion equipment are
Pmax and Qmax, respectively. In this situation, the PIES operates as follows:

a : (Qhl = Qmax) ∧ (Pel − Ppv = Pmax)→ (Qgb = 0) ∧ (Pgrid = 0)
b : (Qhl = QB1 > Qmax) ∧ (Pel − Ppv = PB1 > Pmax)→ (Qgb = QB1 −Qmax) ∧ (Pgrid = PB1 − Pmax)
c : (Qhl = QB2 > Qmax) ∧ (Pel − Ppv = PB2 < Pmax)→ (Qgb = QB2 −Qmax) ∧ (Pgrid,s = Pmax − PB2)

(18)

where Equation (18)a exactly meets the energy demands; Equation (18)b requires additional
electricity (PB1 − Pmax), which is supplied by the grid; and Equation (18)c transfers surplus
electricity (Pmax − PB2) to the grid.

(3) Cost-driven dispatching strategy
The cost-driven dispatching strategy (CDS) is a more flexible operation strategy than

the traditional EDS and TDS. The purpose of the CDS is to minimize the operation cost of
the PIES. This strategy selects the best operation mode to meet the energy demands with the
optimization objective of minimizing the operation costs. The theoretical and practical basis
for CDS realization is based on the time-of-use pricing service, which leads to a discrepancy
between the cost of electricity purchased by the grid and the cost of generation by the ICE.
The advantage of this strategy is not only to reduce the cost of electricity generation but
also to ensure a sustainable and reliable electricity supply by inducing consumers to use
less electricity during peak periods. The operation state of the ICE is shown in Figure 4.
The price of electricity in one day is divided into three levels: peak load tariff, flat load
tariff, and valley load tariff. In this situation, the PIES operates as follows:

(1) If Pel − Ppv = PC0 and Qhl = QC0 → Qgb = 0 and Pgrid = 0.
(2) If Pel − Ppv = PC1 and Qhl = QC1 < QC0 , it will have two options: option I, the ICE

operates to point C0, and the excess heat is evacuated or option II, the ICE operates to
point C1

′, and the grid supplies the shortage of electricity. The algorithm will compare
the cost of the two options and choose the lower-cost strategy.



Energies 2023, 16, 80 8 of 21

(3) If Pel − Ppv = EC2 and Qhl = QA2 > QC2 , it will also have two options: option I, the
ICE operates to point C0, and insufficient heat is supplied by the gas-fired boiler or
option II, the ICE operates to point C2

′, and the additional electricity is transferred
to the grid. The algorithm will compare the cost of the two options and choose the
lower-cost strategy.

Energies 2022, 15, x FOR PEER REVIEW 8 of 22 
 

 

where Equation (17)a exactly meets the energy demands; Equation (17)b requires addi-
tional electricity 

1 0A A( )P P− , which is supplied by the grid; and Equation (17)c transfers 

surplus electricity 
0 2A A( )P P−  to the grid. When the ICE operates at the full load condi-

tion (point B0), the electricity and heat output through the various energy conversion 
equipment are maxP  and maxQ , respectively. In this situation, the PIES operates as fol-
lows: 

1 1 1 1

2 2 2 2

hl max el pv max gb grid

hl B max el pv B max gb B max grid B max

hl B max el pv B max gb B max grid,s max B

: ( ) ( )  ( 0) ( 0)
: ( ) ( )  ( ) ( )
: ( ) ( )  ( ) ( )

a Q Q P P P Q P
b Q Q Q P P P P Q Q Q P P P

c Q Q Q P P P P Q Q Q P P P

 = ∧ − = → = ∧ =


= > ∧ − = > → = − ∧ = −
 = > ∧ − = < → = − ∧ = −

  (18)

where Equation (18)a exactly meets the energy demands; Equation (18)b requires addi-
tional electricity 

1B max( )P P− , which is supplied by the grid; and Equation (18)c transfers 

surplus electricity 
2max B( )P P−  to the grid. 

No-Load

Partial 
Load

Full Load

Electric load

H
ea

tin
g 

lo
ad

2A 0A 1A

0B

1B2B

maxQ

0AQ

2BQ

1BQ

2AP 0AP 1AP 2BP maxP
1BP

 
Figure 3. Schematic diagram of the TDS. 

(3) Cost-driven dispatching strategy 
The cost-driven dispatching strategy (CDS) is a more flexible operation strategy than 

the traditional EDS and TDS. The purpose of the CDS is to minimize the operation cost of 
the PIES. This strategy selects the best operation mode to meet the energy demands with 
the optimization objective of minimizing the operation costs. The theoretical and practical 
basis for CDS realization is based on the time-of-use pricing service, which leads to a dis-
crepancy between the cost of electricity purchased by the grid and the cost of generation 
by the ICE. The advantage of this strategy is not only to reduce the cost of electricity gen-
eration but also to ensure a sustainable and reliable electricity supply by inducing 

Figure 3. Schematic diagram of the TDS.

Energies 2022, 15, x FOR PEER REVIEW 9 of 22 
 

 

consumers to use less electricity during peak periods. The operation state of the ICE is 
shown in Figure 4. The price of electricity in one day is divided into three levels: peak load 
tariff, flat load tariff, and valley load tariff. In this situation, the PIES operates as follows: 

(1) If 0el pv CP P P− =  and 0hl CQ Q=  → gb 0Q =  and grid 0P = . 

(2) If 1el pv CP P P− =  and 1 0hl C CQ Q Q= < , it will have two options: option I, the ICE 
operates to point C0, and the excess heat is evacuated or option II, the ICE operates 

to point 1C ′ , and the grid supplies the shortage of electricity. The algorithm will 
compare the cost of the two options and choose the lower-cost strategy. 

(3) If 2el pv CP P E− =  and 2 2hl A CQ Q Q= > , it will also have two options: option I, the 
ICE operates to point C0, and insufficient heat is supplied by the gas-fired boiler or 

option II, the ICE operates to point 2C ′ , and the additional electricity is transferred 
to the grid. The algorithm will compare the cost of the two options and choose the 
lower-cost strategy.  

H
ea

tin
g 

lo
ad

1B 2B

0B

0A

1A

2A

2C

1C

0C

2C ′

1C ′

 
Figure 4. Schematic diagram of the CDS. 

2.4. Objective Function 
The comprehensive performance of the PIES depends on the design and operation 

strategy. With the trend of carbon neutrality, the impact of carbon emissions on the oper-
ation strategy should be considered. At the same time, the system is connected to the local 
grid, so the impact of feed-in tariffs on the operation strategy should also be addressed. 
This section presents a reasonable objective function that incorporates carbon emissions 
and feed-in tariffs into the evaluation index. 

The objective function of the optimization model is the annual total cost (ATC), which 
consists of annual initial capital cost (AIPC), annual operation cost (AOC), annual 

Figure 4. Schematic diagram of the CDS.



Energies 2023, 16, 80 9 of 21

2.4. Objective Function

The comprehensive performance of the PIES depends on the design and operation
strategy. With the trend of carbon neutrality, the impact of carbon emissions on the
operation strategy should be considered. At the same time, the system is connected to the
local grid, so the impact of feed-in tariffs on the operation strategy should also be addressed.
This section presents a reasonable objective function that incorporates carbon emissions
and feed-in tariffs into the evaluation index.

The objective function of the optimization model is the annual total cost (ATC), which
consists of annual initial capital cost (AIPC), annual operation cost (AOC), annual mainte-
nance cost (AMC), and annual carbon tax cost (ACC) [31]. ATC can be calculated as follows:

ATC = AIPC + AOC + AMC + ACC (19)

The AIPC can be expressed as follows:

AIPC = R
n

∑
k=1

NkCk = R · (NiceCice + NgbCgb + NecCec + NacCac + NexCex + NwhCwh) (20)

where R is the capital recovery factor; N is the facility capacity; C is the unit price of
the facility; and n is the number of facilities. The capital recovery factor R is calculated
as follows:

R =
i(1 + i)n

(1 + i)n − 1
(21)

where i and n are the interest rate (4.9%) and the service life (20 years), respectively [32].
AOC, which consists of annual electricity and natural gas costs, can be calculated

as follows:

AOC =
8760

∑
t=1

(Fng(t)Cng(t) + Pgrid,b(t)Cgrid,b(t)− Pgrid,s(t)Cgrid,s(t)) (22)

where Fng is the annual consumption of natural gas; Cng is the price of natural gas; Cgrid,b
is the electricity purchase price; and Cgrid,s is the feed-in tariff. AMC is a proportion of the
annual capital cost, and this study selected a value of 6% [33].

The sources of carbon dioxide emissions (CDE) in the PIES are the grid and natural
gas. CDE can be expressed as follows:

CDE = µe

8760

∑
t=1

Pgrid,b(t) + µng

8760

∑
t=1

(Fice(t) + Fgb(t)) (23)

where µe and µng are the CO2 emission factors of the grid and natural gas, respectively.
Therefore, the annual carbon tax cost (ACC) can be expressed as follows:

ACC = CtaxCDE (24)

where Ctax is the carbon tax. The necessary parameters are presented in Tables 2 and 3.

Table 2. Related parameters in the system [10,24,34,35].

Component Variable Symbol Value

Gas boiler Efficiency ηGB 0.8
Electric chiller COP COPEC 4
Absorption chiller COP COPAC 1.2
Heat recovery system Efficiency ηWH 0.73
Heat exchanger Efficiency ηHE 0.8
Natural gas CO2 conversion factor (g/kWh) µNG 220
Electricity CO2 conversion factor (g/kWh) µE 968
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Table 3. Unit cost of the equipment in the system [23,27,35–38].

Component Initial Investment Cost

ICE (USD/kW) 1290
GB (USD/kW) 48
Biogas system (USD/m3) 520
Biogas storage (USD/m3) 46
PV system (USD/kW) 460
AC (USD/kW) 200
EC (USD/kW) 140
WH (USD/kW) 118
HE (USD/kW) 30

3. Case Setup

The following assumptions are made to simplify the model of the PIES and obtain the
general operating characteristics of the system [23,38–40]: (1) the biogas yield is assumed
to be determined only by the digester temperature; (2) the heat exchanger is adiabatic;
(3) the composition of natural gas is CH4 (91%) and C2H6 (9%); (4) the composition of
biogas is CH4 (65%) and CO2 (35%); (5) the LHV of CH4 is 35.9 MJ/Nm3; and (6) heat
losses from connecting pipes are not considered.

The electric loads and heating loads of the SWTP come from the office building and
the wastewater treatment process. Cooling loads in the SWTP generally come from the
office building. However, the electricity required for the wastewater treatment process in
SWTPs is difficult to obtain by software simulation. The same production process of SWTPs
in Ref. [23] was used in this study. Therefore, the average monthly production electricity
load in this study can be obtained. The heat required for biogas fermentation can be found
in Section 2. The monthly average heating loads for the anaerobic digesters are shown in
Figure 5. Hourly electric, heating, and cooling loads in the SWTP are presented in Figure 6.
Table 4 shows the optimization results of equipment capacity.
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Figure 5. Monthly average heating demands for the anaerobic digesters. 

Figure 5. Monthly average heating demands for the anaerobic digesters.



Energies 2023, 16, 80 11 of 21Energies 2022, 15, x FOR PEER REVIEW 12 of 22 
 

 

0 2000 4000 6000 8000

0

100

200

300

400

500

600

700
Heating load for generation

Electric load for office

Cooling load

Heating load for office

En
er

gy
 d

em
an

d 
(k

W
)

Hours

Electric load for generation

 
Figure 6. Hourly electric, heating, and cooling loads in the SWTP. 

Table 4. Optimization results of equipment capacity. 

Equipment Unit CDS EDS TDS 
ICE kW 566 580 700 
PV kW 240 240 240 
Gas-fired boiler kW 1032 709 368 
Electric chiller kW 108 109 42 
Absorption chiller kW 64 53 363 
Heat recovery system kW 849 869 1050 
Heat exchanger kW 1134 1134 1134 

4. Results and Discussion 
4.1. Analysis of Operation Strategies 

The hourly supply and demand of electric, heating and cooling loads are shown in 
this section to illustrate the operation status of the CDS, EDS, and TDS. The energy de-
mands in summer include electric, heating, and cooling loads. The energy demands in 
summer include electric and heating loads. A typical day in each season is chosen to ana-
lyze the operation strategies. Figures 7 and 8 present different operation strategies of the 
PIES on typical days. The top half of each figure is the hourly energy supply composition, 
and the bottom half is the hourly energy demand composition. The red line represents the 
time of use pricing for the grid for one day, where the peak load tariff is USD 0.1784/kWh, 
the flat load tariff is USD 0.1033/kWh, and the valley load tariff is USD 0.0356/kWh. 

Figure 6. Hourly electric, heating, and cooling loads in the SWTP.

Table 4. Optimization results of equipment capacity.

Equipment Unit CDS EDS TDS

ICE kW 566 580 700
PV kW 240 240 240
Gas-fired boiler kW 1032 709 368
Electric chiller kW 108 109 42
Absorption chiller kW 64 53 363
Heat recovery system kW 849 869 1050
Heat exchanger kW 1134 1134 1134

4. Results and Discussion
4.1. Analysis of Operation Strategies

The hourly supply and demand of electric, heating and cooling loads are shown in this
section to illustrate the operation status of the CDS, EDS, and TDS. The energy demands
in summer include electric, heating, and cooling loads. The energy demands in summer
include electric and heating loads. A typical day in each season is chosen to analyze the
operation strategies. Figures 7 and 8 present different operation strategies of the PIES on
typical days. The top half of each figure is the hourly energy supply composition, and the
bottom half is the hourly energy demand composition. The red line represents the time of
use pricing for the grid for one day, where the peak load tariff is USD 0.1784/kWh, the flat
load tariff is USD 0.1033/kWh, and the valley load tariff is USD 0.0356/kWh.
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Figure 7. Operation strategies of the PIES in winter. (a) Electric loads in CDS. (b) Heating loads in 
CDS. (c) Electric loads in EDS. (d) Heating loads in EDS. (e) Electric loads in TDS. (f) Heating loads 
in TDS. Notes: ICE/BG is the ICE driven by biogas; ICE/NG is the ICE driven by natural gas; WH/BG 
is the heat recovered by the waste heat recover system that is supplied by biogas; WH/NG is the 
heat recovered by the waste heat recover system that is supplied by natural gas; GB is the gas-fired 
boiler; HX is the heat exchanger. USD 1 = CNY 7. 

Figure 7. Operation strategies of the PIES in winter. (a) Electric loads in CDS. (b) Heating loads in
CDS. (c) Electric loads in EDS. (d) Heating loads in EDS. (e) Electric loads in TDS. (f) Heating loads in
TDS. Notes: ICE/BG is the ICE driven by biogas; ICE/NG is the ICE driven by natural gas; WH/BG
is the heat recovered by the waste heat recover system that is supplied by biogas; WH/NG is the heat
recovered by the waste heat recover system that is supplied by natural gas; GB is the gas-fired boiler;
HX is the heat exchanger. USD 1 = CNY 7.
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Figure 8. CDS of the PIES in summer. (a) Electric loads in CDS. (b) Heating loads in CDS. (c) Cooling 
loads in CDS. (d) Electric loads in EDS. (e) Heating loads in EDS. (f) Cooling loads in EDS. (g) Elec-
tric loads in TDS. (h) Heating loads in TDS. (i) Cooling loads in TDS. 
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loads in TDS. (h) Heating loads in TDS. (i) Cooling loads in TDS.

4.1.1. Winter

Figure 7 shows the CDS strategy of the PIES in winter. The PV market is growing
rapidly. The aim is to increase energy independence while reducing harmful environmental
impacts [41]. The combination of the three operation strategies is used by PVs to supply
electricity. The hourly operation strategy was as follows:

(1) Peak load tariff (from 10:00 to 15:00, 16:00 to 17:00, and 18:00 to 20:00): For the
CDS (Figure 7a,b), the ICE used biogas as the fuel to provide electricity. Using ICEs for
generation reduced the stress on the local grid during the peak load period and minimized
operation costs. The heat was supplied by the waste heat recovered from the ICE. The
shortfall was supplied by the gas-fired boiler. During this period, the EDS operated in the
same way as the CDS (Figure 7c,d). However, the TDS was different from them (Figure 7e,f).
Since the heat demand was high in this period, the amount of biogas consumed per hour
in the TDS was greater than that in the EDS and CDS. Biogas was exhausted at 19:00.
Therefore, natural gas was needed in the remaining time. Meanwhile, the TDS generated
surplus electricity, which was sold to the local grid. Therefore, the economics of the TDS
were influenced by the feed-in tariff.

(2) Flat load tariff (from 7:00 to 10:00, 15:00 to 16:00, 17:00 to 18:00, and 21:00 to 23:00):
For the CDS, the ICE used biogas to generate electricity in the first few hours. When biogas
was insufficient, natural gas was used as fuel. For example, from 17:00 to 18:00 and 21:00
to 23:00, the ICE used natural gas to supply electricity when the ICE had an advantage
over the grid in terms of operation cost and carbon dioxide emissions. The source of the
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waste heat recovered from the ICE during these hours was natural gas. The EDS operates
in a similar way to the CDS in this period. As biogas was used up during the peak load
period, the TDS used natural gas to drive the ICE to produce electricity and heat (Figure 7f).
Surplus electricity was sold to the local grid. Insufficient heat was supplied by the boiler.

(3) Valley load tariff (from 23:00 to 7:00): During this time period, grid electricity
was the cheapest. Therefore, the CDS supplied electricity from the grid at these times
(Figure 7a). Since the ICE did not start, the heat was supplied by the gas-fired boiler, as
shown in Figure 7b. The EDS and TDS chose the ICE to supply electricity and heat due to a
balance of heat requirements. The electricity and heat beyond the rated capacity of the ICE
were supplied by the grid and gas-fired boiler, respectively.

4.1.2. Summer

Figure 8 showed the different strategies of the PIES in summer. The hourly operation
strategy was as follows:

(1) Peak load tariff (from 10:00 to 15:00, 16:00 to 17:00, and 18:00 to 20:00): For electric
and heating loads, the operation details of the three strategies were similar to those in
winter. For the CDS and EDS, all the cooling loads during this period were supplied by
the electric chiller, and the electricity required to make the electric chiller work comes from
the electricity generated by the ICE consuming biogas. For the TDS, cooling loads were
supplied by the absorption chiller.

(2) Flat load tariff (from 7:00 to 10:00, 15:00 to 16:00, 17:00 to 18:00, and 21:00 to 23:00):
For the CDS and EDS, cooling loads were supplied by the electric chiller. The electricity
required to make the electric chiller function comes from the electricity generated by the ICE.
For the CDS, the electricity supplied by the ICE could not fully meet the demands of the
electric chiller. Therefore, the cooling loads generated by the electric chiller were not enough
to meet the cooling demand. Insufficient cooling loads were supplied by the absorption
chiller. For the TDS, the cooling loads were also supplied by the absorption chiller.

(3) Valley load tariff (from 23:00 to 7:00): For the CDS, the electricity required for
the operation of the electric chiller was supplied by the grid. For the EDS, the electricity
required for the electric chiller was supplied by the ICE. For the TDS, the cooling loads
were supplied by the absorption chiller. These were related to the logic of the operation
strategies and coordinated with the modes of heating and electric supply.

4.1.3. Performance Comparisons of Operation Strategies

Figure 9 shows the evaluation indices of the three operation strategies. The annual
initial capital cost (AIPC) of the CDS was only 1.39% higher than that of the EDS. However,
the annual operation cost (AOC) of the EDS was 16.86% higher than that of the CDS. These
results further supported that the CDS has a greater advantage in operation costs. In
this case, we selected valley load tariff as the feed-in tariff. A considerable amount of
electricity was sold to the local grid company in this case. Therefore, it resulted in the
highest operation cost of the TDS. The emissions of the EDS were the lowest, and the CDS
had 38.51% higher emissions than the EDS. The reason for this huge gap was that the CDS
purchased electricity from the local grid during the valley load period. Obviously, the CDS
had advantages in operation costs and investment payback period, while the EDS had an
advantage in reducing carbon dioxide emissions. Therefore, it is economically advisable to
invest in specific park-level integrated energy systems because they pay off quickly [42].
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4.2. Energy Consumption

The monthly energy consumption of the CDS is shown in Figure 10. Biogas was the
main energy supply fuel, accounting for 46% to 72% of the total energy supply. Biogas
produced by sludge fermentation has been comprehensively utilized. The transition to a
low-carbon energy system is one of the world’s main priorities. A precondition for this
transition is to increase the share of renewable energy sources in the energy system [43].
Therefore, the system proposed in this paper is in line with the development trend of
energy. The second largest energy supply came from the local power grid, accounting
for 18% to 31% of the total energy supply. The photovoltaic output power was mainly
determined by solar irradiance. Natural gas was used as a type of supplementary energy.
Biogas, photovoltaics, and the grid can guarantee electricity demand during months when
the demand for electricity was low. There was no need to consume natural gas to supply
electricity, in months such as March, April, October, November, and December. The more
electricity that was needed, the more natural gas that was needed to be used. For example,
from May to August, the electric loads increased monthly, and the percentage of natural gas
Increased from 4% to 20%. This optimization result was reasonable from the perspective
of minimizing operation costs. The monthly energy consumption of the EDS is shown in
Figure 11. The main fuel for power generation was biogas, which accounted for 43% to
75% of the total energy supply. The monthly energy consumption of the TDS is shown in
Figure 12. About 33% to 54% of the electricity was transmitted to the grid each month, so
the cost of the TDS was influenced by the feed-in tariffs.
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4.3. Sensitivity Analysis of Carbon Taxes and Feed-In Tariffs

Figure 13 shows the ratio of carbon costs to operation costs in the CDS, EDS, and TDS.
Figure 13d shows the impact of feed-in tariffs on operation costs in the TDS. The carbon
prices had the greatest influence on the CDS, and the ratio of carbon emission costs to
operation costs was as high as 0.90 when the carbon price reached USD 100/ton. Compared
with the CDS, this ratio was approximately 0.50 in the EDS and 0.60 in the TDS. April
and November in the CDS were less affected by the carbon price because they emitted
the least amount of CO2 during the year. As shown in Figure 10, only 19% of electricity
was supplied by the grid in April and 18% in November. The impact of feed-in tariffs on
the TDS was greater than that of carbon tax by comparing Figure 13c,d. Figure 12 shows
that in August, only 33% of the total electricity generated was sent to the grid. April and
November were more affected by feed-in tariffs because the TDS generated the maximum
amount of electricity in these two months of the year.

Figure 14 shows the impact of carbon price on operation strategies in the range of
USD 0 to 100/ton. Points A, B, C, D, and E were critical points, which showed the carbon
price when the annual total costs of the strategies were equivalent. When the feed-in tariff
was FIT1 and the carbon price ranged from CA to CC, the total cost of the CDS was the
lowest, i.e., line segment AC. When the feed-in tariff was FIT1 and the carbon price ranged
from c to e, the total cost of the EDS was the lowest, i.e., line segment CE. When the feed-in
tariff was FIT2 and the carbon price ranged from CA to CB, the total cost of the TDS was
the lowest, i.e., line segment AB. When the feed-in tariff was FIT2 and the carbon price was
from CB to CC, the total cost of the CDS was the lowest, i.e., line segment BC. When the
feed-in tariff was FIT2 and the carbon price ranged from CC to CE, the total cost of the TDS
was the lowest, i.e., line segment CE. When the feed-in tariff was FIT3 and the carbon price
ranged from CA to CD, the total cost of the TDS was the lowest, i.e., line segment AD. When
the feed-in tariff was FIT3 and the carbon price was from CD to CE, the total cost of the EDS
was the lowest, i.e., line segment DE. When the feed-in tariff was FIT4 and the carbon price
ranged from CA to CE, the total cost of the TDS was the lowest, i.e., line segment AE.
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Figure 13. Impact of carbon price and feed-in tariffs on monthly operation costs. (a) Impact of carbon
prices on the ratio of carbon emission costs to monthly operating costs in EDS; (b). Impact of carbon
prices on the ratio of carbon emission costs to monthly operating costs in TDS; (c). Impact of carbon
prices on the ratio of carbon emission costs to monthly operation costs in CDS; (d). Impact of feed-in
tariffs on the ratio of the revenue through electricity sales to monthly operation costs in TDS.

Energies 2022, 15, x FOR PEER REVIEW 20 of 22 
 

 

0 20 40 60 80 100
0.1

0.2

0.3

0.4

0.4

0.5

E

D

C

B

To
ta

l c
os

t (
m

ill
io

n 
U

SD
)

Carbon price  (USD/ton)

 CDS
 EDS
 TDS with FIT1

 TDS with FIT2

 TDS with FIT3

 TDS with FIT4

A

CA
CB

 
Figure 14. Total cost of the CDS, EDS, and TDS in terms of carbon prices and feed-in tariffs. Notes: 
FIT1 to FIT4 mean that the feed-in tariffs are USD 0.0356, 0.0642, 0.0928, and 0.1213/kWh, respec-
tively. 

5. Conclusions 
This study proposed a park-level integrated energy system coupled with biogas built 

in a sewage treatment plant. Three operation strategies were proposed: electricity-driven 
dispatching strategy (EDS), thermal-driven dispatching strategy (TDS), and cost-driven 
dispatching strategy (CDS). The effect of carbon prices and feed-in tariffs on operation 
costs of the park-level integrated energy system was studied by optimizing the three op-
eration strategies. The conclusion of this paper has guiding significance for selecting the 
optimal operation strategy. The main conclusions are summarized as follows: (1) Biogas 
as the main fuel of the system was fully utilized during the period of peak load tariffs. As 
the supplementary fuel, the consumption of natural gas increased with the increase in 
energy demand. The CDS had the minimum total cost. In addition, the EDS had the lowest 
carbon dioxide emissions. (2) The annual initial capital cost of the CDS was only 1.39% 
higher than that of the EDS. However, the annual operation cost of the EDS was 16.86% 
higher than that of the CDS. The emissions of the EDS were the lowest, and the CDS had 
38.51% higher emissions than the EDS. (3) The annual carbon cost of the cost-driven dis-
patching strategy accounted for the largest proportion of the total cost. When the carbon 
price reached USD 100/ton, the ratio of carbon cost to total cost was as high as 0.80. Fluc-
tuations in feed-in tariffs had a greater impact on the thermal-driven dispatching strategy 
than carbon prices. (4) The operation costs were influenced by various factors, such as 
natural gas prices, electricity prices, carbon prices, and feed-in tariffs. Changes in these 
factors and fluctuations in energy demand would lead to a marked shift in the operation 
costs. Therefore, the optimal operation strategy was not fixed.  

Figure 14. Total cost of the CDS, EDS, and TDS in terms of carbon prices and feed-in tariffs. Notes:
FIT1 to FIT4 mean that the feed-in tariffs are USD 0.0356, 0.0642, 0.0928, and 0.1213/kWh, respectively.



Energies 2023, 16, 80 19 of 21

Therefore, these results provide important insights into flexibly selecting the optimal
operation strategy according to carbon prices and feed-in tariffs. With this approach, we
have the flexibility to select the optimal operation strategy.

5. Conclusions

This study proposed a park-level integrated energy system coupled with biogas built
in a sewage treatment plant. Three operation strategies were proposed: electricity-driven
dispatching strategy (EDS), thermal-driven dispatching strategy (TDS), and cost-driven
dispatching strategy (CDS). The effect of carbon prices and feed-in tariffs on operation costs
of the park-level integrated energy system was studied by optimizing the three operation
strategies. The conclusion of this paper has guiding significance for selecting the optimal
operation strategy. The main conclusions are summarized as follows: (1) Biogas as the
main fuel of the system was fully utilized during the period of peak load tariffs. As the
supplementary fuel, the consumption of natural gas increased with the increase in energy
demand. The CDS had the minimum total cost. In addition, the EDS had the lowest carbon
dioxide emissions. (2) The annual initial capital cost of the CDS was only 1.39% higher
than that of the EDS. However, the annual operation cost of the EDS was 16.86% higher
than that of the CDS. The emissions of the EDS were the lowest, and the CDS had 38.51%
higher emissions than the EDS. (3) The annual carbon cost of the cost-driven dispatching
strategy accounted for the largest proportion of the total cost. When the carbon price
reached USD 100/ton, the ratio of carbon cost to total cost was as high as 0.80. Fluctuations
in feed-in tariffs had a greater impact on the thermal-driven dispatching strategy than
carbon prices. (4) The operation costs were influenced by various factors, such as natural
gas prices, electricity prices, carbon prices, and feed-in tariffs. Changes in these factors
and fluctuations in energy demand would lead to a marked shift in the operation costs.
Therefore, the optimal operation strategy was not fixed.
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