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Abstract: The cement industry is an important industrial entity responsible for implementing carbon
emission reduction targets. Considering the carbon trading and green certificate trading mechanisms,
this paper presents a multi-stage planning approach for the constructed Cement-Industrial Integrated
Energy System (Cement-IIES). Carbon reduction technologies represented by low-temperature waste
heat recovery, as well as phased changes in economic and technical parameters, are considered
in the model. The case study shows that the proposed method not only optimizes the design
economy of the Cement-IIES but also achieves a substantial carbon emission reduction in the cement
production process and energy supply system. Compared with the traditional single-stage planning,
the proposed method improves the system’s economic efficiency by 13.88% and flexibly adapts to
changes in policies such as “coal reform”, green certificate trading and carbon quotas. The low-
temperature waste heat recovery technology helps the system energy utilization efficiency in the two
stages increase by 0.45% and 0.86%, respectively, whilst oxygen-enriched combustion and carbon
capture technologies can reduce the total carbon emissions by about 83%. In addition, the negative
carbon emission effect of biomass gives the system access to annual benefits of CNY 3.10 × 107 and
CNY 7.89 × 107 in the two stages, respectively.

Keywords: cement industry; carbon reduction; carbon trading; green certificate trading; integrated
energy system; multi-stage planning

1. Introduction
1.1. Motivation

Electricity and heat, industry and transport sectors are important entities responsible
for global carbon emissions. According to the International Energy Agency (IEA), the
carbon emissions of the global industry sector in 2022 reach 9.15 Gton, accounting for
24.86% of the total [1]. To this end, China [2], the United States [3], the United King-
dom [4], Germany [5] and other countries have formulated industrial low-carbon action
plans, including energy efficiency improvement plans, decarbonization roadmaps and
environmental protection laws.

Meanwhile, low-carbon energy technologies that can improve the sustainability, au-
tonomy and security of energy systems have been extensively studied, thus providing a
theoretical and technical basis for the action plans. Ref. [6] systematically sorted out the
research directions and achievements supporting the sustainable development of energy
systems from the two dimensions of technological and social. Specifically, new forms
of energy utilization (typically hydrogen energy) [7], carbon abatement technology [8],
distributed energy autonomous methods [9] and top-to-bottom energy policies [10] are all
hot topics. In addition, refs. [11–13] and other studies tried to explore the market regulation
potential in guiding renewable energy utilization and low-carbon energy consumption behavior.

It should be noted that carbon emissions in industry sectors come from energy use
and industrial processes. Therefore, it is necessary to explore specialized and customized
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carbon reduction paths in combination with the production processes and energy demand
of various industrial sectors.

1.2. Literature Review

The current research on the Industrial Integrated Energy System (IIES) focuses on
exploring energy efficiency improvement means and low-carbon economic operation
mode from the perspectives of technical and economic analysis, planning, simulation and
operation optimization [14,15].

In terms of technical and economic analysis, scholars have attempted to evaluate the
performance of IIES under new forms of energy utilization and energy system structures. To
satisfy the economy and emission reduction needs of typical iron and steel parks, ref. [16]
analyzed the benefits of building a “green power-hydrogen-industry” coupled energy
system under different hydrogen energy substitution speed scenarios. Ref. [17] considered
the interaction between the multi-energy system and the production process of process
industry users and summarized the means of flexible control of the system from two
aspects: direct regulation of cogeneration units and electrical equipment, and indirect
regulation of non-electrical equipment. Authors of [18] proposed a national-level tool
capable of modeling complex energy systems in the power, heat, transport and industry
sectors, which could calculate the hourly carbon emission information of each sector. Based
on the input of energy material information, the possibility of Kazakhstan in terms of
transitioning to a 100% renewable energy system by 2050 was validated.

The planning and simulation research on IIES formulates planning and design schemes
for industrial parks or enterprises and uses methods including simulation tools to evaluate
the optimality of the schemes. Ref. [19] considered the environmental externality costs of
coal, wind and solar power in the capacity allocation and operation optimization of the
IES in industrial parks. The impact of environmental externality costs on the planning
results was validated through a case study. In the hybrid energy system proposed in [20],
hydrogen produced from nuclear/renewable energy is combined with coal to produce fuel
gas and chemical raw materials. For coal-intensive countries such as China and the United
States, compared with coal gasification to produce syngas, the proposed hybrid energy
system can significantly reduce carbon emissions. Ref. [21] combined two energy analysis
tools, discrete event simulation (DES) and energy system optimization (ESO), to provide
the best operation mode for an iron foundry. To help an IES project in Zhejiang, China,
realize the optimization of system planning and design, an evaluation method based on
modified fuzzy integrals and prospect theory was proposed in [22].

To better coordinate the management of energy equipment in the IIES, many scholars
have carried out operation optimization research to tap the system potential of flexible
adjustment [23]. Authors of [24] incorporated electricity, heating and cooling demands
into generalized demand-side resources, and established a demand response strategy and
optimization model for the IIES. Power companies, CCHP and industrial users could
interact through demand-side resources, and their economic costs of energy consumption
were all significantly reduced. Ref. [25] built a demand response model for IIES considering
the ladder carbon trading mechanism, which utilized the carbon reduction and demand
response potential of industrial users in smart parks. To realize the flexible and economic
dispatch of the industrial park-type regional IES, ref. [26] proposed an energy management
strategy for energy cascade utilization, in which the partial load ratio is considered in
the segmental linear model of the gas turbine, and the thermal energy is divided into
high-, middle- and low-grade. The reinforcement learning method was applied to the
multi-energy flow scheduling of the IIES in [27], and the collaborative management of
multiple energy storage, renewable energy generation, energy conversion and energy
trading was realized.

It can be seen that the existing research has made great attempts to tap the energy-
saving and emission-reduction potential of IIES with high energy demand and tightly
coupled multi-energy utilization. However, the actual production process of the indus-
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try to which a certain IIES belongs is seldom considered, and what differentiates IIES
from residential and commercial IES is the interaction between multi-energy systems and
production processes in IIES. Therefore, it is necessary to carry out targeted research in
combination with specific industrial processes. In this paper, the cement industry with high
energy consumption and high carbon emissions is selected as the research object.

As the third largest source of greenhouse gas emissions after power and the steel
industry, the cement industry should undertake the task of reducing carbon emissions
from now on. Specifically, 561 to 622 kg of carbon dioxide is emitted per ton of cement
produced [28]. In 2022, the world’s total cement production reaches 4.1 billion tons, and
China’s cement production accounts for 51.66% of the total, ranking first in the world [29].
At present, coal is still the main energy consumption of cement production in China. Coal
combustion and limestone calcination produce 95% of the total carbon emissions [30].

Nowadays, the mainstream recognized carbon emission reduction methods for the
cement industry include [31–33]: replacing cement with other additives (reducing cement
demand in construction, water conservancy and other scenarios); improving the thermal
efficiency of cement production; oxygen-enriched combustion; replacing fossil fuels; electri-
fication of cement kilns; carbon capture and storage (CCS) technology. In [34], a cement
kiln waste heat utilization poly generation system with integrated carbon capture was
proposed, and the expensive carbon capture technology was subsidized with the system’s
electricity, heat and cold energy sales revenue. Ref. [35] carried out a coupling study on
oxygen-enriched combustion technology and XDL energy-saving calcination technology,
and the experiment confirmed that oxygen-enriched combustion technology can promote
coal saving and flue gas emission reduction in cement clinker production.

The emergence of the carbon market and green certificate transactions have enriched
the connotation of energy and production raw material consumption in the cement industry.
By the end of 2021, a total of 33 carbon emission trading markets have been put into
operation in the world, including countries or regions such as the European Union, North
America, South Korea and China. Regarding carbon emission trading and carbon price
formulation, each carbon market determines the carbon market participation mechanism,
taxation scope and pricing method based on the needs of the country [36,37]. To solve
the problem of renewable energy consumption, countries including the United States,
Australia and the United Kingdom have successively launched quota-based green certificate
trading systems to convert clean-energy subsidies from government behavior to market
behavior [38]. In addition, some scholars have gradually paid attention to the research
on the electricity-carbon-green certificate joint market [39]. In the context of carbon and
green certificate trading, the cement industry is bound to pursue efficient and clean energy
system structures, as well as planning and operation methods.

1.3. Contribution

In the above context, this paper analyzes the production process of the cement industry,
constructs the basic structure of Cement-IIES and proposes a multi-stage planning method.
The specific contributions are as follows.

(1) Combined with the flow of multi-energy and raw materials of the actual cement pro-
duction line, a Cement-IIES model that comprehensively considers multiple carbon re-
duction technologies is built. Carbon reduction technologies include low-temperature
waste heat recovery, oxygen-enriched combustion, carbon capture, hydrogen/oxygen
production, energy storage and fuel/technology substitution.

(2) Considering carbon and green certificate trading, a multi-stage flexible planning
method for Cement-IIES is proposed. The phased changes in technical and economic
parameters are taken into account, such as energy equipment cost and efficiency and
external energy/carbon/green certificate prices.

(3) The effectiveness of the proposed method is verified based on a cement industrial
park on the southeast coast of China. Comparative analysis reveals the adaptability of
the multi-stage planning method to policies such as “coal reform”, green certificate
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trading and carbon quotas, as well as the comprehensive benefits of various carbon
reduction technologies.

1.4. Organization

The rest of the paper is organized as follows. Section 2 builds the mathematical model
of equipment and technology in Cement-IIES; Section 3 proposes a multi-stage planning
method, including specific expressions of objective functions and constraints. Section 4 is a
case study, and the discussion is given in Section 5. Section 6 presents the conclusion.

2. Cement-IIES Modeling

The power requirement of a cement factory varies depending on the heat treatment
process in use, which can be divided into dry production and wet production according to
the method to prepare the raw material [40]. This paper focuses on using the dry process
with rapid heat transfer and high heating efficiency for cement production. Taking into
account the energy demand and carbon emission during the cement production process, a
Cement Industry Integrated Energy System (Cement-IIES) is proposed and its structure is
shown in Figure 1.
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Figure 1. Structure of Cement Industry Integrated Energy System (Cement-IIES).

As shown in Figure 1, the cement production line mainly composes of raw material
collection and transportation, raw material preparation and homogenization, clinker cal-
cination, clinker cooling and cement grinding and packaging [28]. The carbon dioxide
emitted during the cement production process mainly comes from the limestone calcination
process. More specifically, the limestone calcination for producing quicklime contributes to
55–70% of the total carbon emission. It is worth noting that the high-temperature calcina-
tion process needs to burn fuel, which can emit 25–40% of carbon dioxide. The calcined
clinker needs to be rapidly cooled by a cooler before entering the cement workshop to
complete the grinding and packaging processes. Eventually, the product is transported to
storage facilities or downstream entities.

In this paper, the load demand mainly comes from the raw material mill, rotary
kiln system and cement workshops. The rotary kiln system composes of three sessions
including preheating decomposition, rotary kiln and cooler. The internal structure and
material energy flow will be described in Section 2.8. The load of the cement unit is
mainly attributed to the circulating water pump room, the conveying machinery of the
joint storage and the dust collector of the packaging machine in the packaging unit. In



Processes 2023, 11, 1219 5 of 32

addition, a Cement-IIES also needs to provide the energy for lighting, heating/hot water
and cooling of each working unit, living area and office area.

In the proposed Cement-IIES, the energy production equipment includes Combined
Heating and Power (CHP) plant, Fired Boiler (FB) and renewable generation units such
as Wind Turbine (WT) and Photovoltaic (PV). For the energy conversion equipment, the
Electrolyzer (ELZ), Hydrogen Fuel Cell (HFC), Electric Boiler (EB), Electric Chiller (EC),
Absorption Chiller (AC) and Air Separation Unit (ASU) are used. To provide energy storage
capability, equipment including Battery (BT), Hydrogen Storage Tank (HST) and Oxygen
Storage Tank (OST) are deployed. To promote tiered energy utilization and reduce carbon
emissions, various technologies such as low-temperature waste heat power generation,
oxyfuel combustion and carbon capture are also considered in the proposed Cement-IIES.

The detailed mathematical models of the technology and equipment employed in the
Cement-IIES are presented in the following sections.

2.1. Wind Turbine

The output of a Wind Turbine (WT) is affected by factors such as blade radius, wind
speed and energy conversion efficiency [41]. In stage w of a typical day d at time t, the
predicted WT output can be calculated using (1).

Pwdt
wt. f ore = 0.5× 10−6 × π·ηwtρair ∑

k≤w
Nk

wtR
2
wt·
(

uwdt
)3

(1)

where Nk
wt represents the number of WTs installed in stage k (k ≤ w); ηwt is the energy

conversion efficiency of the WT whilst ρair is the air density (kg/m3); Rwt denotes the
radius (m) of the WT blades and uwdt indicates the wind speed at stage w of a typical day d
at time t.

2.2. Photovoltaic

The output of Photovoltaic (PV) is affected by factors including radiation intensity,
panel area and inclination and energy conversion efficiency. Equation (2) illustrates how
the predicted output is derived [41].

Pwdt
pv. f ore = <

wdt· cos θpv·ηMPPT ·∑
k≤w

Ak
pv·ηpv × 10−3 (2)

where Ak
pv is the installed PV area (m2) in stage k (k ≤ w) and <wdt indicates the radiation

intensity (kW/m2) in stage w of a typical day d at time t; θpv denotes the inclination angle
(◦) of the PV panel whilst ηMPPT and ηpv represents the energy conversion efficiency of
MPPT and PV component, respectively.

2.3. Electrolyzer

An Electrolyzer (ELZ) uses water and electricity to produce hydrogen and oxygen [42].
The relationship between the hydrogen generated by the ELZ and the input power is shown
in (3) and the ratio of the flow rate between hydrogen and oxygen is presented in (4).

ηelz·Pwdt
elz = LHVh·Vwdt

elz,h × 10−3 (3)

Vwdt
elz,oxy = λelz·Vwdt

elz,h (4)

where Vwdt
elz,o and Vwdt

elz,h represent the flow rate (m3/h) of the oxygen and hydrogen produced
by the ELZ, respectively; LHVh indicates the calorific value of hydrogen (kWh/m3); λelz
is the ratio coefficient of the hydrogen-oxygen production. In theory, electrolyzing 1 L
water can produce 1234.7 L (111 g) hydrogen and 622 L (889 g) oxygen under standard
atmospheric pressure.
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2.4. Combined Heating and Power Unit

Combined Heating and Power (CHP) units in the cement industry mainly use coal as
fuel, which is called coal-fired CHP. Technologies applying alternative fuels to reduce the
use of coal or increase the efficiency of coal combustion are gaining attention in various
industries including the cement industry. The use of alternative fuels can save the require-
ment of primary fossil resources and reduce carbon emissions whilst maintaining the same
level of energy consumption for clinker production. In the Cement-IIES proposed in this
paper, natural gas and biomass can be used as alternative fuels and the associated system
is referred to as natural gas-Fired CHP (ng-fired CHP) and biomass-Fired CHP (bio-fired
CHP). Assuming that all three types of CHP units are operating in the heat-constant power
mode, there will be differences in the thermoelectric efficiency [43]. The electric power and
heating power output can be obtained using (5) and (6), respectively.

Pwdt
chp = Pwdt

chp,ng + Pwdt
chp,coal + Pwdt

chp,bio
Pwdt

chp,ng = ηchp,ngLHVngVwdt
chp,ng × 10−3

Pwdt
chp,coal = ηchp,coal LHVcoalmwdt

chp,coal
Pwdt

chp,bio = ηchp,bioLHVbiomwdt
chp,bio

(5)

Qwdt
chp = Qwdt

chp,ng + Qwdt
chp,coal + Qwdt

chp,bio
Qwdt

chp,ng = rchp,ng·Pwdt
chp,ng

Qwdt
chp,coal = rchp,coal ·Pwdt

chp,coal
Qwdt

chp,bio = rchp,bio·Pwdt
chp,bio

(6)

where Pwdt
chp,ng, Pwdt

chp,coal and Pwdt
chp,bio represent the output power (MW) of the three types of

CHP units in stage w of a typical day d at time t; ηchp,ng, ηchp,coal and ηchp,coal show the power
generation efficiency of the three types of CHP units; LHVng indicates the calorific value
(kWh/m3) of the natural gas whilst the calorific value (MWh/ton) of coal and biomass
fuel is denoted by LHVcoal and LHVbio, respectively; Vwdt

chp,ng is the input flow rate (m3/h) of

the natural gas to the ng-fired CHP; mwdt
chp,coal and mwdt

chp,bio represent the fuel input volume
(ton/h) of coal and biomass to the coal-fired CHP and bio-fired CHP, respectively; the
output heat power (MW) of the three types of CHP units is indicated by Qwdt

chp,ng, Qwdt
chp,coal

and Qwdt
chp,bio, respectively. Last but not least, rchp,ng, rchp,coal and rchp,bio is the heat-to-power

ratios of the three types of CHP units, respectively.
The electric power output of the CHP unit is also constrained by the ramping capability

as specified in (7).
−πchp,ng,max ∑

k≤w
Capk

chp,ng ≤ Pwdt
chp,ng − Pwd(t−1)

chp,ng ≤ πchp,ng,max ∑
k≤w

Capk
chp,ng

−πchp,coal,max ∑
k≤w

Capk
chp,coal ≤ Pwdt

chp,coal − Pwd(t−1)
chp,coal ≤ πchp,coal,max ∑

k≤w
Capk

chp,coal

−πchp,bio,max ∑
k≤w

Capk
chp,bio ≤ Pwdt

chp,bio − Pwd(t−1)
chp,bio ≤ πchp,bio,max ∑

k≤w
Capk

chp,bio

(7)

where Capk
chp,ng, Capk

chp,coal and Capk
chp,bio represent the installed capacity (MW) of the

three types of CHP units in stage k (k ≤ w); πchp,ng,max, πchp,coal,max and πchp,bio,max is the
maximum ramping capability (MW/h) of the three types of CHP units, respectively.

2.5. Fired Boiler

Similar to the CHP unit, the Fired Boiler (FB) can also use a variety of fuels including
coal, natural gas and biomass and these can be categorized as coal-fired FB, ng-fired FB
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and bio-fired FB [44]. The output heating power of these FBs can be calculated using
Equation (8).

Qwdt
f b = Qwdt

f b,ng + Qwdt
f b,coal + Qwdt

f b,bio
Qwdt

f b,ng = η f b,ngLHVngVwdt
f b,ng × 10−3

Qwdt
f b,coal = η f b,coal LHVcoalmwdt

f b,coal
Qwdt

f b,bio = η f b,bioLHVbiomwdt
f b,bio

(8)

where Qwdt
f b,ng, Qwdt

f b,coal and Qwdt
f b,bio denote the output electric power (MW) of the three types

of FBs in stage w of a typical day d at time t, respectively; η f b,ng, η f b,coal and η f b,bio are the
energy conversion efficiency of the three types of FBs, respectively. The input flow rate
(m3/h) of the natural gas to the ng-fired CHP is represented by Vwdt

f b,ng whilst the input
volume (ton/h) of coal and biomass fuel to the coal-fired FB and bio-fired FB is shown by
mwdt

f b,coal and mwdt
f b,bio, respectively.

2.6. Hydrogen Fuel Cell

The Hydrogen Fuel Cell (HFC) uses hydrogen as fuel to achieve combined heat and
power generation and its power generation efficiency is higher than that of the aforemen-
tioned three types of CHP units [45]. The model of the electric heating power output of an
HFC is similar to that of a CHP unit, which can be defined using Equations (9)–(11).

Pwdt
h f c = LHVh·ηh f cVwdt

h f c × 10−3 (9)

Qwdt
h f c = rh f c·Pwdt

h f c (10)

−πh f c,max ∑
k≤w

Capk
h f c ≤ Pwdt

h f c − Pwd(t−1)
h f c ≤ πh f c,max ∑

k≤w
Capk

h f c (11)

where Pwdt
h f c and Qwdt

h f c is the output electric power and heating power (MW) of the HFC
in stage w of a typical day d at time t whilst ηh f c and rh f c represent the power generation
efficiency and heat-to-electricity ratio of the HFC, respectively; Vwdt

h f c is the input flow rate

(m3/h) of hydrogen to the HFC.

2.7. Energy Storage Equipment

The energy storage equipment deployed in Cement-IIES includes the Oxygen Storage
Tank (OST), Hydrogen Storage Tank (HST) and Battery (BT). The mathematical models
of the three types of energy storage are similar and the main differences are the storage
medium and charging/discharging capabilities. Model details of the OST are illustrated in
(12)–(14) [46].

2.7.1. Constraint for Energy Storage State

The gas storage state of the OST at each time interval needs to satisfy the upper
and lower limit of the gas tank, which is generally expressed as the product of the limit
coefficient and the installed capacity. This can be shown in (12).

µost,min ∑
k≤w

Capk
ost ≤ Swdt

ost ≤ µost,max ∑
k≤w

Capk
ost (12)

where µost,min and µost,max indicate the minimum and maximum coefficients, respectively;
the installed capacity (m3) of the OST in stage k (k ≤ w) is denoted by Capk

ost.
It can be observed from (13) that the value of Swdt

ost is related to the gas storage state at

the previous time interval Swd(t−1)
ost and the charging and discharging state at the current

moment in stage w of a typical day d at time t. To ensure that the scheduling instructions
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can be executed periodically, the value of Swdt
ost is fixed at the initial time and end time of

each typical day.
Swdt

ost = 0.5· ∑
k≤w

Capk
ost t = 1, T

Swdt
ost = Swd(t−1)

ost (1− σost) +
(

Vwdt
ost,ch·ηost,ch −Vwdt

ost,dis/ηost,dis

)
∆t 2 ≤ t ≤ T − 1

(13)

where σost indicates the self-loss coefficient of the OST gas storage; Vwdt
ost,ch and Vwdt

ost,dis
represents the gas inflating and deflating rate (m3/h) in stage w of a typical day d at
time t, respectively; the charge and discharge efficiency of the OST is denoted by ηost,ch
and ηost,dis, respectively.

2.7.2. Constraints for Inflation and Deflation Flow and Electric Power

The inflation and deflation behavior of the OST also needs to satisfy the constraints
specified in (14). 

0 ≤ Vwdt
ost,ch ≤ γost,chxwdt

ost,ch ∑
k≤w

Capk
ost

0 ≤ Vwdt
ost,dis ≤ γost,disxwdt

ost,dis ∑
k≤w

Capk
ost

xwdt
ost,ch + xwdt

ost,dis ≤ 1

(14)

where γost,ch and γost,dis represent the inflation and deflation ratio of the OST, reflecting the
relationship between the inflation and deflation flow rate and the OST capacity; xwdt

ost,ch and
xwdt

ost,dis are binary variables which place a restriction that the OST cannot inflate and deflate
at the same time.

2.8. Power Generation Device Using Low-Temperature Waste Heat

The cement rotary kiln system is the core of cement production and its internal material
balance and heat balance relationship is illustrated in Figure 2 [47].
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During the calcination process of the clinker within the rotary kiln, the surface tem-
perature of the cylinder body can reach approximately 240–350 ◦C and this amount of the
low-temperature waste heat will be dissipated in the air if not utilized.

Meanwhile, the temperature of the cement clinker produced from the kiln head can
reach 1450 ◦C and it needs to enter the cooler to be cooled down to about 100 ◦C by cold
air. The waste heat from the clinker can heat the cold air to 500–900 ◦C with considerable
recycling potential. The existing three-chamber heat exchange system of the cooler already
utilizes the waste heat of the clinker to heat the secondary air entering the kiln and the
tertiary air entering the furnace, which minimizes the fuel consumption of the rotary kiln
system. However, there is still 200–250 ◦C low-temperature flue gas waste heat in the
secondary air and tertiary air that can be reused.

As a result, the waste heat utilization of the cement rotary kiln considered in this paper
mainly focuses on the waste heat recovery from the Cylinder Waste Heat Recovery System
(CWHC) and the Three Chamber Heat Exchange System of Cooler (TCHE).

2.8.1. Cylinder Waste Heat Recovery System

Taking the cement production line with a daily output of 5000 tons in the existing
cement factory as an example [48], the amount of reusable heating power can be calculated
using Equation (15) when the CWHC adopts convective heat transfer and radiation heat
transfer.

Qwdt
cwhc = hcht·∆Twdt

cwhc·S
w
cwhc (15)

where hcht represents the convective heat transfer coefficient in W/(m2·K) whilst ∆Twdt
cwhc

indicates the difference between the average surface temperature of the cylinder and the
ambient temperature K. The surface area (m2) of the cylinder is illustrated by Sw

cwhc.

2.8.2. Three-Chamber Heat Exchange System of Cooler

The amount of heating power that can be recovered from the secondary air and tertiary
air by TCHE is calculated using (16).

Qwdt
tche = c f ume,p·ρ f ume·Vwdt

tche ·∆Twdt
tche (16)

where c f ume,p shows the constant pressure-heat ratio (kJ/(kg·K)) of the flue gas whilst ρ f ume

represents the density (kg/m3) of the flue gas. Vwdt
tche is the flow rate (m3/h) of flue gas

during the waste heat recovery and ∆Twdt
tche is the temperature difference (K) before and after

the flue gas recovery.

2.8.3. Heat Balance during Low-Temperature Waste Heat Recovery

Part of the low-temperature waste heat recovered by CWHC and TCHE can be used for
power generation when applying the Organic Rankine Cycle (ORC) technology. Similarly,
part of the input heat for the Absorption Chiller (AC) can also be used to supply the heating
and hot water demand of cement units, office buildings and dormitory areas. The deficit in
demand for heating and domestic hot water can be covered by high-grade heating energy.
Equation (17) indicates the heat balance relationship during the low-temperature waste
heat recovery, which can also be referred to as the low-grade heating bus balance.

Qwdt
cwhc + Qwdt

tche = Pwdt
orc /ηorc + Qwdt

ac /COPac + Lwdt
heat,low (17)

where Pwdt
orc is the output electric power (MW) of the ORC system and ηorc is the power

generation efficiency of the ORC system; Qwdt
ac denotes the output cooling power (MW)

of the AC whilst COPac is the energy efficiency coefficient of the AC; Lwdt
heat,low indicates

the low-grade heat demand (MW) that needs to be met during the production and living
activities (referred to “non-core activities”) other than the limestone calcination.



Processes 2023, 11, 1219 10 of 32

2.9. Oxygen-Enriched Combustion and Carbon Capture Technologies

Major carbon capture technologies include pre-combustion capture technology, post-
combustion capture technology and oxygen-enriched combustion technology. The oxygen-
enriched combustion technology has gained popularity because of its high carbon capture
rate and low investment cost [35]. Its working principle is to replace the air within the
combustion chamber with a mixture of oxygen and circulating CO2 flow to generate a
highly concentrated CO2 flow (unchanged total amount with improved purity), which is
easier to be captured by the carbon capture Compression Purification Unit (CPU) [49].

Carbon capturing is a costly process and cement kilns typically cannot provide all
the required energy. It is a common practice to provide the energy for carbon capture
in cement factories from coal-fired power plants or by burning natural gas after adding
waste heat boilers [34,50]. In this paper, there are multiple approaches to meet the energy
demand of the CPU including the utilization of three types of CHP units and FB, as well as
the low-temperature waste heat recovery of the rotary kiln system, which can effectively
reduce the CPU’s dependence on expensive external energy.

2.9.1. Power Demand of CPU

The power demand of the CPU varies depending on the source of the carbon emission.
Pwdt

cpu,cal , Pwdt
cpu,chp and Pwdt

cpu, f b represent the power demand of CPU for capturing carbon from
limestone calcination, CHP unit and FB and can be derived using Equation (18).

Pwdt
cpu = Pwdt

cpu,cal + Pwdt
cpu,chp + Pwdt

cpu, f b
Pwdt

cpu,cal = κcpuαwdt
cal εcarb

cal mwdt
cal

Pwdt
cpu,chp = κcpu

(
εcarb

chp,ngαwdt
chp,ngPwdt

chp,ng + εcarb
chp,coalα

wdt
chp,coal P

wdt
chp,coal + εcarb

chp,bioαwdt
chp,bioPwdt

chp,bio

)
Pwdt

cpu, f b = κcpu

(
εcarb

f b,ngαwdt
f b,ngQwdt

f b,ng + εcarb
f b,coalα

wdt
f b,coalQ

wdt
f b,coal + εcarb

f b,bioαwdt
f b,bioQwdt

f b,bio

) (18)

where κcpu represents the energy (MWh/ton) required by the CPU to capture one unit
of CO2 whilst αwdt

cal reflects the carbon capture level of the CPU for limestone calcination;
αwdt

chp,ng, αwdt
chp,coal and αwdt

chp,bio show the carbon capture levels of the CPU for three types of

CHP units and αwdt
f b,ng, αwdt

f b,coal and αwdt
f b,bio indicate that of the CPU for three types of FB; εcarb

cal
denotes the carbon emission intensity (ton/ton) during the limestone calcination. The
carbon emission intensity (ton/MWh) of the three types of CHP units are denoted as εcarb

chp,ng,

εcarb
chp,coal and εcarb

chp,bio whilst the intensity (ton/MWh) of the three types of FB are represented

by εcarb
f b,ng, εcarb

f b,coal and εcarb
f b,bio.

It should be noted that the carbon dioxide produced from biomass fuel does not need
to specifically proceed. When considering carbon capture in this paper, it is equivalent that
the bio-fired CHP and bio-fired FB will produce “negative carbon emission” and can obtain
a reward for carbon reduction.

2.9.2. Constraints for CPU Carbon Capture Level

In the CPU model established in this paper, it is assumed that the upper limit of the
CPU’s carbon capture level for the CHP unit and GB relies on whether the CHP unit and
GB use oxygen-enriched combustion. Binary variables ζwdt

chp and ζwdt
gb are introduced to

indicate whether the CHP unit and GB are in the oxygen-enriched combustion state. The
expression (19) defines the relevant constraints.

0 ≤ αwdt
chp ≤ ζwdt

chp α
oxy
chp,max +

(
1− ζwdt

chp

)
αchp,max

0 ≤ αwdt
f b ≤ ζwdt

f b α
oxy
f b,max +

(
1− ζwdt

f b

)
α f b,max

0 ≤ αwdt
cal ≤ αcal,max

(19)

where αcal,max is the maximum carbon capture level of the CPU for limestone calcination;
α

oxy
chp,max and αchp,max represent the maximum carbon capture level of the CPU for the
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CHP unit with and without oxygen-enriched combustion. Similarly, α
oxy
f b,max and α f b,max

indicate the maximum carbon capture level of the CPU for the FB with and without
oxygen-enriched combustion.

2.9.3. Net Carbon Emission of Limestone Calcination, CHP Units and FB

When the oxygen-enriched combustion and carbon capture are considered, the net
carbon emissions of the limestone calcination, CHP units and FB can be calculated using (20).

Ewdt
cal,carb =

(
1− αwdt

cal

)
εcal,carbmwdt

cal

Ewdt
chp,carb =

(
1− αwdt

chp

)(
εcarb

chp,ngPwdt
chp,ng + εcarb

chp,coal P
wdt
chp,coal

)
Ewdt

f b,carb =
(

1− αwdt
f b

)(
εcarb

f b,ngQwdt
f b,ng + εcarb

f b,coalQ
wdt
f b,coal

)
Ewdt

bio,carb = αwdt
chp εcarb

chp,bioPwdt
chp,bio + αwdt

f b εcarb
f b,bioQwdt

f b,bio

(20)

where Ewdt
cal,carb, Ewdt

chp,carb and Ewdt
f b,carb denote the net carbon emissions of the limestone cal-

cination, CHP units and FB; Ewdt
bio,carb is the “negative carbon emission” of biomass fuel

because of carbon capture.

2.9.4. Oxygen Requirement for Oxygen-Enriched Combustion

The relationship between the amount of oxygen consumed by the CHP unit and FB
when they are in an oxygen-enriched combustion state and the associated output power is
shown in (21) [51]. {

Vwdt
chp,oxy = ζwdt

chp χchp,oxyPwdt
chp

Vwdt
f b,oxy = ζwdt

f b χ f b,oxyQwdt
f b

(21)

where χchp,oxy and χ f b,oxy represent the amount of oxygen required (m3/MWh) to output
unit power when the CHP unit and FB are in the oxygen-enriched combustion state.

3. Problem Formulation

After establishing the model of Cement-IIES in Section 2, this section builds a multi-
stage planning model for the Cement-IIES including the objective function and constraints.

3.1. Objective Function

The system planning aims to minimize the expenditure in the entire planning cycle.
As shown in (22), the expenditure includes initial equipment technology investment cost at
each stage, power grid electricity exchange cost, fuel purchase cost, oxygen selling income,
system equipment operation and maintenance cost, renewable energy curtailment and heat
reduction penalty cost, carbon trading cost/gain and green certificate cost/gain.

minTtot = Cinv + ∑
w∈Nw

∑
j∈Ny

1

(1 + r)(w−1)Ny+j ∑
d∈Nd

n(d)

(
Cwd

grid + Cwd
f uel − Cwd

oxy + Cwd
om+

Cwd
res,curt + Cwd

heat,curt + Cwd
carb + Cwd

gc

)
(22)

where Nw indicates the number of planning stages in the planning cycle and Ny represents
the number of years involved in each stage; Nd is the number of typical days being
considered for each year whilst n(d) is the number of days for each typical day group; r is
the discount rate.

In what follows, the mathematical expressions for each cost/income in Equation (22)
are described in detail in Sections 3.1.1–3.1.9.
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3.1.1. Investment Cost

The investment cost Cinv can be further divided according to the type of equipment,
as shown in (23).

Cinv =

 Cinv,wt + Cinv,pv + Cinv,elz + Cinv,chp + Cinv, f b + Cinv,h f c+
Cinv,eb + Cinv,ec + Cinv,ac + Cinv,ost + Cinv,hst + Cinv,bt+
Cinv,cwhc + Cinv,tche + Cinv,orc + Cinv,cpu + Cinv,asu

 (23)

where the investment cost of WT and PV is indicated by Cinv,wt and Cinv,pv and they can be
calculated by (24) and (25), respectively. The investment cost of other equipment can be
derived using (26).

Cinv,wt = ∑
w∈Nw

kw
inv,wtNlw

wt
1

(1 + r)(w−1)Ny
(24)

Cinv,pv = ∑
w∈Nw

kw
inv,pv Aw

pv
1

(1 + r)(w−1)Ny
(25)

Cinv,ϑ = ∑
w∈Nw

kw
inv,ϑCaplw

ϑ

1

(1 + r)(w−1)Ny
(26)

where kw
inv,ϑ denotes the unit investment cost of the equipment in stage w and the unit can

be CNY/MW, CNY/MWh or CNY/m3 depending on the equipment type.
Except for Cinv, the other costs are related to a typical day which will be described in

the following sections.

3.1.2. Power Grid Electricity Exchange Cost

The power grid electricity exchange cost Cwd
grid consists of two parts including the

electricity purchase fee and electricity sale revenue.

Cwd
grid = ∑

t∈Nt

(
kwdt

grid,buyPwdt
grid,buy − kwdt

grid,sell P
wdt
grid,sell

)
∆t (27)

where Pwdt
grid,buy and Pwdt

grid,sell represent the power (MW) purchased and sold in stage w of
a typical day d at time t. The price (CNY/MWh) of purchasing and selling electricity is
represented by kwdt

grid,buy and kwdt
grid,sell , respectively.

3.1.3. Cost of Purchasing Various Types of Fuel

The purchase cost of fuel includes that for natural gas, coal, biomass fuel and hydrogen
and can be calculated using Equation (28).

Cwd
f uel = ∑

t∈Nt

(
kwdt

ng,buyVwdt
ng,buy + kwdt

coal,buymwdt
coal,buy + kwdt

bio,buymwdt
bio,buy + kwdt

h,buyVwdt
h,buy

)
∆t (28)

where Vwdt
h,buy is the amount (m3/h) of hydrogen purchased for the system; the purchase

price (CNY/m3) of natural gas and hydrogen is denoted by kwdt
ng,buy and kwdt

h,buy. For the

purchase price (MWh/ton) of coal and biomass fuel, they are represented by kwdt
coal,buy

and kwdt
bio,buy.

3.1.4. Cost of Selling Oxygen

The income of oxygen selling can be calculated using Equation (29).

Cwd
oxy = ∑

t∈Nt

(
kwdt

oxy,sellV
wdt
oxy,sell

)
∆t (29)
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where Vwdt
oxy,sell is the amount (m3/h) of selling oxygen from the system; the selling price

(CNY/m3) of oxygen is denoted by kwdt
oxy,sell .

3.1.5. Operation and Maintenance Cost of Equipment

The operation and maintenance cost of the system Cwd
om is shown in (30).

Cwd
om = ∑

t∈Nt


kom,wtPwdt

wt + kom,pvPwdt
pv + kom,elzPwdt

elz + kom,chpPwdt
chp + kom, f bQwdt

f b +

kom,h f cPwdt
h f c + kom,ebQwdt

eb + kom,ecQwdt
ec + kom,acQwdt

ac + kom,ost

(
V lwdt

ost,ch + V lwdt
ost,dis

)
+

kom,hst

(
V lwdt

hst,ch + V lwdt
hst,dis

)
+ kom,bt

(
Pwdt

bt,ch + Pwdt
bt,dis

)
+ kom,cwhcQwdt

cwhc+

kom,tcheQwdt
tche + kom,orcPwdt

orc + kom,cpuPwdt
cpu + kom,asuPwdt

asu

∆t (30)

where kinv,ϑ is the unit operation and maintenance cost of the equipment and the unit can
be CNY/MWh or CNY/m3 depending on the type of equipment.

3.1.6. Penalty Fee for Renewable Energy Curtailment

There will be a cost for curtailing wind and solar energy as calculated in (31).

Cwd
res,curt = ∑

t∈Nt

[
kwdt

wt,curt

(
Pwdt

wt, f ore − Pwdt
wt

)
+ kwdt

pv,curt

(
Pwdt

pv, f ore − Pwdt
pv

)]
∆t (31)

where kwdt
wt,curt and kwdt

pv,curt indicate the unit penalty fee (CNY/MWh) for wind and
solar curtailment.

3.1.7. Penalty Fee for Heating Supply Reduction

If the total heat supply exceeds the heat demand of the system, a penalty fee needs to
be paid to reduce the heat supply, as shown in (32):

Cwd
heat,curt = ∑

t∈Nt

kwdt
heat,curt

(
Lwdt

heat,low + Lwdt
heat,high − Lwdt

heat

)
∆t (32)

where kwdt
heat,curt indicates the unit penalty fee (CNY/MWh) to reduce the heat supply; Lwdt

heat
is the total heat demand (MW) of non-core activities; the high-grade heat demand (MW) of
non-core activities is denoted by Lwdt

heat,high.

3.1.8. Carbon Trading Cost/Gain

The operating mechanism of the carbon market can be summarized into four parts:
total amount setting, allowance allocation, trading and penalty for breach of contract [52].
Among them, the setting of the total amount, the allocation of carbon allowance and the
filing of certified emission reductions are mainly completed in the primary market, and the
transactions of carbon allowance and certified emission reductions are mainly carried out
in the secondary market.

In this paper, the baseline method is adopted to determine the carbon allowance of the
generator set in Cement-IIES. When the amount of carbon emission exceeds the free carbon
allowance, expense needs to be paid and it can be calculated by (33) [53].

Cwd
carb = ∑

t∈Nt

kw
carb,tax

(
Ewdt

cal,carb + Ewdt
chp,carb + Ewdt

f b,carb − Ewdt
bio,carb+

εw
grid,carbPwdt

grid,buy − EAw
chp,ng − EAw

chp,coal

)
∆t (33)

where εw
grid,carb is the carbon emission factor (ton/MWh) of the external power grid power

in stage w whilst EAw
chp,ng and EAw

chp,coal represents the carbon allowance (ton/h) of the
ng-fired CHP and coal-fired CHP, respectively.
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The carbon allowance is calculated using (34).{
EAwdt

chp,ng = Pwdt
chp,ngbw

e,ng fr,ng + Qwdt
chp,ngbw

h,ng × 3600× 10−3

EAwdt
chp,coal = Pwdt

chp,coalb
w
e,coal fl,coal fr,coal f f ,coal + Qwdt

chp,coalb
w
h,coal × 3600× 10−3 (34)

where bw
e,ng is the power supply reference value (ton/MWh) of the gas-fired unit and

fr,ng ( fr,ng = 1− 0.6rchp,ng) is the heat supply correction coefficient of the gas-fired unit;
bw

h,ng represents the heat supply reference value (ton/GJ) of the gas-fired unit whilst bw
e,coal

indicates the power supply reference value (ton/MWh) of the coal-fired unit. The correction
coefficient of the cooling mode of the coal-fired unit can be denoted as fl,coal and will take
the value 1; fr,coal( fr,coal = 1− 0.22rchp,coal) is the correction coefficient of the heat supply
of the coal-fired unit and f f ,coal is the correction coefficient of the output of the coal-fired
unit whose value is 1; bw

h,coal indicates the heat supply reference value (ton /GJ) of the
coal-fired unit.

It is worth noting that, in China, there is no carbon allowance for pure heating facilities
without power generation capability such as FB. In addition, the planning work for Cement-
IIES in this paper does not consider dynamic carbon trading, but only sets the carbon price
according to the current situation of China’s carbon trading market.

3.1.9. Green Certificate Cost/Gain

Green certificate is a certificate issued by the national energy authority to renewable
energy power generators, which proves that the generator has generated a portion of its
electricity from renewable sources [54]. The green certificate mechanism is a supporting
measure to ensure the effective implementation of the Renewable Portfolio Standard (RPS),
and the purpose of implementing the RPS and green certificate trading mechanisms is to
gradually transition renewable energy generation from government subsidies to market-
based subsidies.

When the weight of the renewable energy power consumption is lower than the
required value, the entity which is responsible to consume renewables can purchase green
certificates from the market to compensate for the deficit. By contrast, the green certificate
can be sold to earn a profit if the weight of the renewable consumption is higher than the
target value [39]. Equation (35) shows how the green certificate cost and gain are derived.

Cwd
gc = ∑

t∈Nt

kw
gc

[(
Pwdt

chp + ξchpQwdt
chp

)
βw

ge −
(

Pwdt
wt + Pwdt

pv

)(
1− βw

ge

)]
∆t (35)

where ξchp is the conversion coefficient of power-heat supply of CHP; βw
ge represents the

required value for the weight of renewable energy consumption in stage w whilst kw
gc

denotes the price (CNY/MWh) of the green certificate.

3.2. Constraints
3.2.1. Balance of Multi-Energy Flow Buses

There are power, heat, cooling, hydrogen and oxygen buses in the system.

(1) Power Bus

The power bus balance is shown in (36).(
Pwdt

grid,buy + Pwdt
wt + Pwdt

pv + Pwdt
chp + Pwdt

h f c + Pwdt
bt,dis + Pwdt

orc =

Pwdt
grid,sell + Pwdt

elz + Qwdt
eb /ηeb + Qwdt

ec /COPec + Pwdt
bt,ch + Pwdt

cpu + Vwdt
asu κasu + Pwdt

raw + Lwdt
elec

)
(36)

where Qwdt
eb represents the output heating power (MW) of the EB with ηeb indicating the

energy conversion efficiency of the EB. Qwdt
ec is the output cooling power (MW) of the EC

with COPec denoting the energy efficiency coefficient of EC. The amount of oxygen (m3/h)
produced by the ASU is represented by Vwdt

asu whilst κasu is the energy (MWh/m3) required
for ASU oxygen production. Lwdt

elec indicates the power demand (MW) of non-core activities.
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(2) Heating Bus

In addition to the low-grade heating bus balance defined in (17), the system also needs
to satisfy the high-grade heating bus balance constraints, as shown in (37).

Qwdt
chp + Qwdt

f b + Qwdt
h f c + Qwdt

eb = Qwdt
cal + Lwdt

heat,high
Qwdt

cal = κcalmwdt
limeθcal

(37)

where Qwdt
cal indicates the heat demand (MW) during the limestone calcination process; κcal

is the heat demand (MWh/ton) to calcine limestone; mwdt
lime denotes the amount (ton/h)

of cement produced; θcal represents the proportional coefficient between the amount of
limestone calcined and the amount of cement produced and the typical value is 1.31.

The high-grade and low-grade heat demands of non-core activities also need to satisfy
the conditions specified in the expression (38).

Lwdt
heat,low + Lwdt

heat,high ≥ Lwdt
heat

Lwdt
heat,high ≥ γheat·Lwdt

heat
(38)

where γheat shows the requirement for the minimum proportion of high-grade heat demand
within the total heat demand.

(3) Cooling Bus

The cold energy demand of the system is provided by both the EC and AC and the
constraint for cooling bus balance is illustrated by (39).

Qwdt
ac + Qwdt

ec ≥ Lwdt
cool (39)

where Lwdt
cool is the cold energy demand (MW) of non-core activities.

(4) Oxygen Bus

From (40), the oxygen is supplied by the ELZ and ASU and consumed by the CHP
unit, the FB where oxygen-enriched combustion occurs and the oxygen trading with
external systems. It is also worth noting that the OST participates in the peak-shaving and
valley-filling of the oxygen bus.

Vwdt
elz,oxy + Vwdt

ost,dis + Vwdt
asu = Vwdt

ost,ch + Vwdt
chp,oxy + Vwdt

f b,oxy + Vwdt
oxy,sell (40)

where Vwdt
oxy,sell is the volume (m3/h) of oxygen being sold.

(5) Hydrogen Bus

The balance of the hydrogen bus is depicted by (41).

Vwdt
elz,h + Vwdt

hst,dis + Vwdt
h,buy = Vwdt

hst,ch + Vwdt
h f c (41)

where Vwdt
h,buy is the amount (m3/h) of hydrogen purchased from the hydrogen suppliers.

3.2.2. Constraint for Equipment Installed Capacity

The installed capacity of the WT and PV in each stage also needs to meet the upper
and lower capacity limit, as shown in (42) and (43), whilst other equipment needs to satisfy
the constraints defined in (44).

0 ≤ π·(5Rwt)
2·Nw

wt ≤ Aw
wt,max (42)

0 ≤ Aw
pv ≤ Aw

pv,max (43)
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0 ≤ Capw
ϑ ≤ Capw

ϑ,max (44)

where Aw
wt,max and Aw

pv,max represent the maximum construction area (m2) of the WT and
PV in stage w, respectively. Capw

ϑ,max is the maximum installed capacity of the equipment
in stage w and the unit can be CNY/MW, CNY/MWh or CNY/m3 depending on the
equipment type.

3.2.3. Constraint for Equipment Operating State

The actual electric power used by the WT and PV should be less than the associated
predicted values, as shown in expression (45) and (46). The electrical output or heating
output of other equipment needs to meet the constraints defined in (47).

0 ≤ Pwdt
wt ≤ Pwdt

wt. f ore (45)

0 ≤ Pwdt
pv ≤ Pwdt

pv. f ore (46)


µχ,min ∑

k≤w
Capk

χ ≤ Pwdt
χ ≤ µχ,max ∑

k≤w
Capk

χ

µχ,min ∑
k≤w

Capk
χ ≤ Qwdt

χ ≤ µχ,max ∑
k≤w

Capk
χ

(47)

where µχ,min and µχ,max represent the minimum and maximum values of the proportional
coefficients between the equipment output and capacity.

3.2.4. Constraint for Grid Power Exchange

Electricity will be purchased from the external grid when there is an insufficient power
supply in the system. By contrast, the system will sell electricity when there is excess power.
The electricity exchange needs to satisfy the constraints shown in (48).

xwdt
grid,buy·P

w
grid,buy,min ≤ Pwdt

grid,buy ≤ xwdt
grid,buy·P

w
grid,buy,max

xwdt
grid,sell ·P

w
grid,sell,min ≤ Pwdt

grid,sell ≤ xwdt
grid,sell ·P

w
grid,sell,max

xwdt
grid,buy + xwdt

grid,sell ≤ 1
(48)

where Pw
grid,buy,min and Pw

grid,buy,max denote the minimum and maximum amount (MW) of
purchased electricity in stage w. Pw

grid,sell,min and Pw
grid,sell,max represent the minimum and

maximum amount (MW) of sold electricity. xwdt
grid,buy and xwdt

grid,sell are binary variables which
are used to indicate that the system cannot simultaneously purchase and sell electricity.

3.2.5. Constraint for Fuel Purchase and Selling

The amount of purchased and sold natural gas, coal, biomass fuel, hydrogen and
oxygen need to satisfy the constraints specified in (49).

Vwdt
ng,buy = Vwdt

chp,ng + Vwdt
f b,ng, Vw

ng,buy,min ≤ Vwdt
ng,buy ≤ Vw

ng,buy,max
mwdt

coal,buy = mwdt
chp,coal + mwdt

f b,coal , mw
coal,buy,min ≤ mwdt

coal,buy ≤ mw
coal,buy,max

mwdt
bio,buy = mwdt

chp,bio + mwdt
f b,bio, mw

bio,buy,min ≤ mwdt
bio,buy ≤ mw

bio,buy,max
Vw

h,buy,min ≤ Vwdt
h,buy ≤ Vw

h,buy,max
Vw

oxy,sell,min ≤ Vwdt
oxy,sell ≤ Vw

oxy,sell,max

(49)

where Vw
ng,buy,min and Vw

ng,buy,max show the minimum and maximum amount (m3/h) of
natural gas being purchased in stage w. The minimum and maximum purchased amount
(ton/h) of coal in stage w is represented by mw

coal,buy,min and mw
coal,buy,max. mw

bio,buy,min and
mw

bio,buy,max depict the minimum and maximum purchased amount (ton/h) of biomass
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fuel in stage w whilst Vw
h,buy,min and Vw

h,buy,max denote the minimum and maximum volume

(m3/h) of hydrogen purchased in stage w. The minimum and maximum volume (m3/h) of
oxygen sold in stage w is Vw

oxy,sell,min and Vw
oxy,sell,max.

4. Case Study

Considering the current production situation of the cement factory production line, the
planning of Cement-IIES is carried out in an industrial park in the southeast coastal area of
China. Figure 3a shows the production characteristics of typical days in the spring-autumn
transition season, summer and winter. In addition to the core production activities, the
characteristics of the electric heating and cooling demand of the cement workshops, office
buildings and dormitory areas are presented in Figure 3b–d. On the summer typical day in
Figure 3b, the electric load is dominant while the heating load is at its trough throughout
the year. When it comes to the winter typical day in Figure 3c, the system’s heating load
other than the lime production line exceeds the cooling load because of low temperature.
The load characteristics of spring/autumn typical days in Figure 3d are between summer
and winter typical days.
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Figure 3. Characteristics of Cement Production and Seasonal Load of Cement Factory: (a) Cement
Production; (b) Summer Load; (c) Winter Load; (d) Transition Season Load (Spring–Autumn).

4.1. Case Design

The planning cycle of the cement factory energy system is 20 years and it is intended to
expand the production line to increase cement production in the later stage of the planning
cycle. The multi-stage planning model proposed in this paper is applied to conduct multi-
stage flexible planning research on the cement factory with a planning cycle divided into
two stages and each stage is 10 years long. In the planning model, the influence of various
technical, economic, political and environmental factors is considered when setting the
parameters. More specifically, these factors include the resource characteristics of the area,
the policy environment for carbon trading and green certificate trading, the efficiency of
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energy production, cost changes, price trends of external energy market transactions and
constraints such as available construction area.

To evaluate the performance of the proposed planning method, four sub-cases are
compared. Case 1 is configured as the base case and uses the phased implementation
method which is the modeling and planning method proposed in this paper. For Case
2, the traditional single-stage planning method (i.e., one-step-reach) is applied without
considering the phased changes in the load and complex parameters. Different from Case 1,
Case 3 does not consider the recycling of low-grade waste heat from the rotary kiln system
whilst Case 4 does not involve the use of oxygen-enriched combustion and carbon capture
technologies. The parameter configuration of the test system can be seen in Appendix A.

4.2. Comparison of Case Results

The case study is run on a desktop computer with an i7-9700KF processor and 32 GB
memory. The program is written in Matlab R2022a and solved by Yalmip + Gurobi (Version
9.5.1). Table 1 shows the results of Cases 1–4.

Table 1. Comparison of Case Results: Cost and Benefit.

Case 1
Case 2

Case 3 Case 4

Stage I Stage II Stage I Stage II Stage I Stage II

Total cost (CNY 1010) 1.11 1.29 1.13 1.33
Total cost by stages (CNY 109) 7.29 3.78 - 7.43 3.85 8.36 4.97
Initial devices investment cost

(CNY 108) 12.42 3.61 12.30 12.51 3.58 10.92 3.30

Annual green certificate trading cost
(CNY 107) −1.36 −2.65 −1.26 −1.36 −2.65 −1.40 −2.71

Annual natural gas purchasing cost
(CNY 108) 2.53 3.34 2.90 2.56 3.39 2.18 2.73

Annual coal purchasing cost (CNY 108) 3.17 4.73 4.73 3.17 4.74 3.15 4.67
Annual biomass purchasing cost

(CNY 108) 1.22 2.28 1.90 1.22 2.28 1.22 2.28

Annual hydrogen purchasing cost
(CNY 106) 0.00 0.00 0.00 0.00 0.00 5.25 0.00

Annual electricity trading cost
(CNY 107) 11.68 9.58 12.83 12.35 10.87 5.11 0.57

Annual oxygen trading cost (CNY 107) 2.99 3.58 3.58 2.99 3.58 2.99 3.58
Annual maintenance cost (CNY 107) 4.34 5.41 5.07 4.21 5.28 4.04 5.01

Fuel carbon cost (CNY 107) 2.59 1.48 2.69 3.21 1.60 20.03 32.17
Electricity carbon cost (CNY 107) 1.40 1.28 1.38 1.47 1.48 0.59 0.32
Limestone calcination carbon cost

(CNY 107) 1.70 0.52 2.10 1.90 0.52 8.89 14.94

Biomass carbon income (CNY 107) 3.10 7.89 4.91 3.05 7.92 0.00 0.00
Annual fuel CO2 emission (105 ton) 3.59 2.23 3.96 4.11 2.30 18.07 20.46

Annual electricity CO2 emission
(105 ton) 1.17 0.76 1.15 1.22 0.88 0.49 0.19

Annual limestone calcination CO2
emission (105 ton) 1.42 0.31 1.75 1.58 0.31 7.41 8.89

Penalty fee for wind/solar power
curtailment (CNY) 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Penalty fee for heating power
curtailment (CNY) 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Energy utilization efficiency (%) 68.24 70.18 69.52 67.79 69.32 69.89 71.91

In terms of economy, the total cost of Case 1 in the entire planning cycle is lower than
that of the other three cases and accounts for 86.12% of the cost of Case 2, 98.16% of the
cost of Case 3 and 83.02% of the cost of Case 4. Case 2 does not consider the development
of energy equipment technology, the available area for renewable energy construction and
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the energy demand of cement factories in various stages, resulting in excess requirements
for traditional energy equipment in the early stage of planning and insufficient utilization
of renewable resources including WT and PV in the later stage. Meanwhile, carbon capture
reduces the cost of the carbon emission and increases income via the “negative carbon
emission” of biomass fuel. Furthermore, the reuse of low-temperature waste heat reduces
the system’s reliance on the external energy source. All of the aforementioned factors
improve the economic performance of the system.

From the perspective of environmental protection, Case 1 has the lowest amount of
total carbon emission from limestone calcination, fossil fuel use and electricity consumption
because the carbon emitted from the combustion of coal and natural gas is captured and
stored by the CPU. Compared with Case 4, the carbon emission of Case 1 is approximately
17% of that in Case 4. In addition, there are gains of CNY 3.10 × 107 and CNY 7.89 × 107

from the “negative carbon emission” of biomass fuel after using oxygen-enriched combus-
tion and carbon capture.

Concerning energy efficiency, the energy utilization efficiency of Case 1, Case 3 and
Case 4 in the second stage is higher than that in the first stage due to the improvement in
the energy conversion efficiency of the WT, PV, ELZ, HFC and other equipment. It can be
observed that the energy efficiency of Case 2 where single-stage planning is applied is not
the lowest and the energy efficiency ratio in both stages of Case 4 is higher than that of Case
1. This is because the cost of oxygen storage and energy loss during carbon capture can
slightly lower the system’s energy efficiency even though the oxygen-enriched combustion
and carbon capture technologies deployed in Case 1 and Case 3 can significantly improve
the environmental performance of the system. Moreover, the energy efficiency ratios of
the two stages in Case 1 are higher by 0.45% and 0.86% compared to Case 3 because of the
reuse and utilization of low-grade waste heat from the rotary kiln system.

4.3. Capacity and Investment Costs of Equipment in Various Stages

The results of Case 1 will be comprehensively analyzed in the following sections. The
installed equipment capacity is shown in Figure 4 whilst the investment cost proportion for
the two stages is presented in Figure 5. It should be noted that the meanings of the upper
and lower case abbreviations for the equipment or technologies in Figures 4 and 5 are given
in the Nomenclature.
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Figure 4. Installed Capacity of Equipment in Two Stages of Case 1.

Since cement production requires a massive amount of heat energy, the installed
capacity of the FB and EB used to provide the heat load of calcination is significantly higher
than other energy-producing and consuming equipment. In the first stage, the eight types
of equipment with the highest investment cost proportion are the WT, PV, ELZ, FB, HFC,
CHP, EB and CPU. In the second stage, the ranking slightly changes but the renewable
units, FB and CHP still account for the major portion of the cost.
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The total installed capacity of WT and PV is 69.5 MW and 38.5 MW. Due to the high
construction and maintenance cost of new energy units, WT and PV account for 49.25% of
the total investment in the first phase and reaches 68.19% in the second stage.

CHP has installed a capacity of 22 MW and 5.4 MW in two stages, accounting for
7.19% and 7.97% of the total investment. Although the installed capacity of the bio-fired
CHP is not large, it accounted for 6.02% of the total investment in the second stage due
to its relatively high investment cost (around 6.3 times coal-fired CHP and 3.7 times ng-
fired CHP).

The total investment in FB accounted for 8.25% and 7.35% in the first and second
stages, respectively. The coal-fired FB in the first stage has 240 MW capacity and accounts
for 4.06% of the investment. Limited by the “coal reform” policy, the newly installed
capacity of the bio-fired FB in the second stage exceeds that of the coal-fired FB, which
accounts for 2.78% of the total investment.

The EB can perform as an alternative source of heat and its installed capacity is
91.99 MW and 4.71 MW in the first and second stages, respectively. The corresponding
investment cost accounts for 6.34% and 1.18%, and the EB achieves partial electrification
replacement of FB.

The CPU can significantly reduce carbon emission during limestone calcination and
fuel combustion and its investment cost accounts for 5.25% of the total cost in the first stage
and 4.85% in the second stage.

Compared with the heat demand for limestone calcination, the demand for heat
and cold energy in the non-core activities of the industrial park is relatively low. There-
fore, the installed capacity and investment proportion of the AC and EC equipment are
relatively small.

4.4. System Operation Analysis

In the previous subsections, the overall configuration results of planning schemes
for Cement-IIES have been presented and compared. This section focuses on the detailed
operation status of Cement-IIES in Case 4, which adopts the proposed modeling and
planning method. To be specific, multi-energy flow balance, key equipment operation
output and combustion and carbon capture state are analyzed in sequence.

4.4.1. Multi-Energy Flow Balance

The system energy demand at terminals and the energy flow balance are shown in
Figure 6. The energy flow relationship of electricity, high-grade heating, low-grade heating
and cooling is given in Figure 6a–d, respectively.

As shown in Figure 6a, the power of the system is mainly provided by the renewable
units, purchased electricity and CHP unit whilst most of the power is consumed by the
EB, ELZ and CPU. It can be observed that the system will have two power demand peaks
on different typical days, which is mainly affected by the output state of the EB. To fill the
peak power demand, the BT will switch to the discharging state and the HFC will generate
full power during the peak hours. The peak of electrical load for non-core activities occurs
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between 8:00 and 16:00, which coincides with the peak output of WT and PV. Hence, there is
no large amount of renewable energy available to be used by the ELZ to produce hydrogen
and oxygen in this period.
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Figure 6. Multi-Energy Flow Bus Balance in Two Stages of Case 1: (a) Electrical Power; (b) High-Grade
Heat Demand; (c) Low-Grade Heat Demand; (d) Cooling Energy.

The high-grade heating energy in the cement industrial park is mainly used for
limestone calcination and simultaneously satisfies the high-grade heating demand of non-
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core activities. The low-grade heating energy is mainly used for low-temperature waste
heat power generation and meets the low-grade heating demand of non-core activities.
In the case study, the high-grade heat demand of non-core activities accounts for at least
70% of the total heat demand. Based on Figure 6b, most of the high-grade heating energy
is consumed by limestone calcination, accounting for approximately 99.45% of the total
high-grade heating energy demand. This high-grade heating energy is mainly supplied by
the FB with the CHP, EB and HFC used as the supplementary heating providers.

By contrast, the low-grade heating demand of the system is covered by the low-
temperature waste heat recovered from the rotary kiln system, as shown in Figure 6c. It can
be seen that the surplus low-temperature waste heat is used to drive ORC power generation
and supply AC refrigeration.

In Figure 6d, the cooling energy demand of the system is mainly provided by the
AC and EC acts as the supplementary source for the cooling demand peak on a typical
summer day.

4.4.2. Operation Output of Key Equipment

Based on the energy flow balance analysis in Section 4.4.1, Figures 7 and 8 further
illustrate the output of the CHP and FB. More specifically, the coal-fired CHP and bio-fired
CHP keep generating at full power and this is because the CHP discussed in this paper
operates in the heat-constant power mode which means the heat-to-power ratio of the
coal-fired CHP (rchp,coal in Equation (6)) and bio-fired CHP (rchp,bio in Equation (6)) is higher
than that of the ng-fired CHP (rchp,ng in Equation (6)). To satisfy the high heat demand, the
former two CHPs have a higher priority to generate than the ng-fired CHP.
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Figure 7. CHP Output in Two Stages of Case 1.
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Figure 8. FB Output in Two Stages of Case 1.

Regarding FB, the heating efficiency of bio-fired FB (η f b,bio in Equation (8)) can reach
0.9 which is higher than 0.6 for coal-fired FB (η f b,coal in Equation (8)). In addition, biomass
fuel can be used in conjunction with CPU to achieve “negative carbon emission” so that
carbon trading subsidies can be obtained. Consequently, the bio-fired FB has the highest
output priority and it typically keeps generating at full power.
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Figure 9 depicts the relationship between the supply and demand of hydrogen and
oxygen relationship, as well as the operating status of the HST and OST.
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Figure 9. Relationship between Oxygen/hydrogen Input and Output in Two Stages of Case 1:
(a) Hydrogen; (b) Oxygen.

Figure 9a presents the relationship between oxygen input and output in two stages
of Case 1. It can be seen that the HST installed capacity in the first stage is 1.63 × 105 m3

and it is expanded to 1.87 × 105 m3 in the second stage. The HST is mainly used to store
the hydrogen produced by the ELZ during the low power demand period and supply
hydrogen when the HFC is dispatched to shave the peak demand. In addition, the hydrogen
supply in the system is sufficient, so there is no need to purchase additional hydrogen from
external suppliers.

Concerning the OST, the installed capacity in the first stage is 1.50 × 105 m3, which is
expanded to 2.00× 105 m3 in the second stage, as shown in Figure 9b. The oxygen discussed
in this paper is the by-product when the ELZ electrolyzes water to produce hydrogen and
can satisfy the oxygen demand of the CHP and FB to achieve oxygen-enriched combustion.
The relationship between the oxygen input and output in Figure 9b is more complex than
that of hydrogen, where most of the oxygen is injected into the FB and CHP. Due to the
high market price of oxygen, the system keeps selling 5 × 103 m3/h and 6 × 103 m3/h of
oxygen to external parties in the first and second stages, respectively. It is worth noting
that the OST has a relatively weak capability for peak-shaving and valley-filling because of
limited construction capacity.

4.4.3. State of Oxygen-Enriched Combustion and Carbon Capture

Since the oxygen-enriched combustion and carbon capture technologies have a signifi-
cant influence on the system’s environmental performance, this subsection analyzes their
operation status in detail. The hourly carbon emission and capture during the limestone
calcination process on each typical day are shown in Figure 10. The dark blue part of the
stacked histogram represents the amount of carbon emission from the limestone calcination
process after applying the carbon capture technology whilst the light blue session indicates
the amount of reduced carbon emissions by using carbon capture technology. A large por-
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tion of CO2 is produced during the limestone calcination process with the carbon emission
peaking at 118.11 ton/h and 136.81 ton/h in the first and second stages, respectively. In
certain cement production peak periods in the first stage, the capture level of CPU is 0 but it
typically can reach the highest value of 98% during other peak periods. In the second stage,
the installed capacity of the CPU is further expanded and 98% of the carbon emissions are
captured most of the time.
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Figure 10. Carbon Emission and Capture during Limestone Calcination in Two Stages of Case 1.

The application of oxygen-enriched combustion in the CHP and FB can affect the
upper limit for the carbon capture level of the CPU. More specifically, the carbon capture
level can reach 98% if oxygen-enriched combustion is employed. Otherwise, the upper
limit of the carbon capture level will be 90%. The state of oxygen-enriched combustion and
carbon capture of the three types of CHP and FB under the aforementioned condition is
shown in Figure 11. When the carbon capture level is higher than the red dotted line (90%),
it means the CHP/FB has implemented oxygen-enriched combustion.
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Figure 11. State of Oxygen-Enriched Combustion and Carbon Capture of CHP and FB in Two Stages
of Case 1: (a) CHP; (b) FB.
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The CHP in Figure 11a and FB in Figure 11b operate in the oxygen-rich combustion
state mostly at night, that is, 0:00–6:00. In this period, the green power is abundant while
the power load is low, so the surplus renewable generation can be used to drive the ELZ
and produce hydrogen and oxygen. The oxygen is then supplied to the CHP and FB
to support oxygen-rich combustion. This finding is consistent with the trends shown in
Figures 6a and 9b.

Comparing Figure 10 with Figure 11, it can be observed that the moment when CHP
and FB are in the state of oxygen-enriched combustion misalign with the moment when
the carbon capture level of limestone calcination reaches the upper limit. This is because of
the upper limit on the total amount of carbon that can be captured by the CPU.

This paper also considers the “negative carbon emission” effect of biomass fuel, and
the carbon emission of bio-fired CHP and bio-fired FB after carbon capture is illustrated in
Figure 12.
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Figure 12. “Negative Carbon Emission” Effect of Biomass Fuel Equipment in Two Stages of Case 1.

In Figure 12, the dark green and dark purple parts of the stacked histogram repre-
sent the carbon emission from the bio-fired CHP and bio-fired FB when carbon capture
technology is applied whilst the light green and light purple session indicates the amount
of reduced carbon emission by using carbon capture technology. It can be seen that the
maximum income of 4.41 × 103 CNY/h and 9.66 × 103 CNY/h can be obtained in the
first and second stages if carbon capture is implemented on biomass fuel equipment. With
the potential economic benefits of “negative carbon emission” from biomass fuels, among
the three types of CHP and FB, bio-fired CHP and bio-fired FB are optimized to operate
more in the oxygen-rich combustion state, so as to achieve a higher level of carbon capture,
which can also be found in Figure 11.

5. Discussion

This paper effectively addressed the lack of IIES planning methods that combine
specific industrial processes. Taking the cement industry as an example, we focus on the
massive carbon emissions caused by lime calcination and skillfully couple the production
process with the multi-energy system to convert low-temperature waste heat dissipated
in the air into useful energy for production and living needs. Especially, the integration
of oxygen-enriched combustion and carbon capture technology can help cement plants
improve their environmental performance at the source of carbon emissions.

In addition to the comprehensive utilization of carbon reduction technologies, the
multi-stage planning method proposed in this paper can overcome the inflexibility issue
of traditional single-stage planning, and help the cement industry achieve optimal perfor-
mance in terms of environmental protection, economic efficiency and energy efficiency,
which have been validated in the above case study.

Although a series of valuable qualitative and quantitative findings have been obtained,
there are still some shortcomings or areas for further research.



Processes 2023, 11, 1219 26 of 32

From a technical perspective, the impact of oxygen-enriched combustion on generation
set operating conditions outside of carbon emissions, especially the emissions characteristics
of SO2 and NOx, has not been considered. In addition, the next step in dealing with
CO2 after the compression and purification by the CPU has not been fully explored. If
underground storage is considered, issues such as requirements on geological conditions
and transportation, as well as impacts on the surrounding environment need to be analyzed.

The planning approach and method proposed in this paper can be applied to other
energy-intensive and carbon-intensive industries. In China, although pilot carbon markets
in some regions have covered some industrial and transportation sectors, the national
carbon market currently only includes the power generation sector, and the carbon al-
lowance in this paper only considers power generation units. If heating systems, cement
and other industries’ production processes can be included in the national carbon market
in the future, the planning model in this paper can be further improved.

Due to the long-term nature of planning issues, the carbon trading and green certificate
trading mechanisms and prices are relatively simple in this paper, with fixed carbon
prices and green certificate prices at specific stages. It will be meaningful to further
conduct research on real-time or intra-day optimal operation strategies for Cement-IIES
and analyze the system’s potential of flexibly adjusting to the dynamic carbon price and
green certificate price. In particular, it is meaningful to analyze the sensitivity of low-carbon
energy technologies to incentive signals such as carbon price, green certificate price and
external system flexibility requirements.

6. Conclusions

This paper focuses on the modeling and multi-stage planning of the Cement-IIES with
high energy consumption and carbon emission. Combined with the energy flow and mate-
rial flow of the actual cement production line, a Cement-IIES considering multiple carbon
reduction technologies including low-temperature waste heat recovery, oxygen-enriched
combustion, carbon capture, hydrogen and oxygen production using electrolysis, energy
storage and fuel/technology substitution is proposed. Furthermore, a multi-stage flexible
planning method for the Cement-IIES with consideration of green certificate trading and
carbon trading is proposed by examining the periodic changes in technical and economic
parameters. The case study demonstrates that the economic efficiency of the proposed
planning method improves by 13.88% when compared with the traditional single-stage
planning method. Meanwhile, it can flexibly adapt to changes in various policies including
the “coal reform”, green certificate trading and carbon allowance and thus allocate rea-
sonable investment in equipment in different stages. The application of low-temperature
waste heat recovery technology can increase the system energy efficiency ratio by 0.45%
and 0.86% in the first and second stages whilst the oxygen-enriched combustion and carbon
capture technology can reduce the total carbon emission of the system by approximately
83%. In addition, the “negative carbon emission” effect of the biomass fuel equipment
can help the system earn 3.10 × 107 CNY/year and 7.89 × 107 CNY/year in the first and
second stages, respectively. In addition, the limitations of this work and our future research
directions are discussed.
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Nomenclature

WT, wt Wind turbine
PV, pv Photovoltaic
ELZ, elz Electrolyzer
CHP, chp Combined heat and power
FB, fb Fired boiler
HFC, hfc Hydrogen fuel cell
EB, eb Electric boiler
EC, ec Electric chiller
AC, ac Absorption chiller
OST, ost Oxygen storage tank
HST, hst Hydrogen storage tank
BT, bt Battery
CWHC, cwhc Cylinder waste heat recovery system
TCHE, tche Three chamber heat exchange system of cooler
ORC, orc Organic rankine cycle
CPU, cpu Compression purification unit
ASU, asu Air separation unit

Appendix A

Table A1. Values of fixed technical and economical parameters in Case study.

No. Name
Value

(Stage I/
Stage II)

Unit No. Name
Value

(Stage I/
Stage II)

Unit

1 ηwt 0.55/0.572 - 45 ρ f ume 0.748 kg/m3

2 ρair 1.23 kg/m3 46 Vtche 387,000/464,400 m3/h
3 Rwt 40 m 47 ηorc 0.12 -
4 θpv 23 ◦ 48 COPac 1.5 -
5 ηMPPT 0.75 - 49 κcpu 0.0893 MWh/ton
6 ηpv 0.16/0.1664 - 50 εcarb

cal 0.4043 ton/ton
7 ηelz 0.64/0.672 - 51 εcarb

chp,ng 0.3904 ton/MWh
8 λelz 8.01 - 52 εcarb

chp,coal 1.08 ton/MWh
9 LHVh 2.792 kWh/m3 53 εcarb

chp,bio 0.864 ton/MWh
10 LHVng 9.886 kWh/m3 54 εcarb

f b,ng 0.234 ton/MWh
11 LHVcoal 8.141 MWh/ton 55 εcarb

f b,coal 0.83 ton/MWh
12 LHVbio 4.652 MWh/ton 56 εcarb

f b,bio 0.664 ton/MWh
13 ηchp,ng 0.45 - 57 αcal,max 0.98 -
14 ηchp,coal 0.3 - 58 α

oxy
chp,max 0.98 -

15 ηchp,bio 0.3 - 59 αchp,max 0.9 -
16 rchp,ng 0.8 - 60 α

oxy
f b,max 0.98 -

17 rchp,coal 1.9 - 61 α f b,max 0.98 -
18 rchp,bio 1.7 - 62 χchp,oxy 600 m3/MWh
19 πchp,ng,max 100% - 63 χ f b,oxy 600 m3/MWh
20 πchp,coal,max 100% - 64 be,ng 0.3901/0.3121 ton/MWh
21 πchp,bio,max 100% - 65 bh,ng 0.0557/0.0446 ton/GJ
22 η f b,ng 0.9 - 66 be,coal 0.8729/0.6983 ton/MWh
23 η f b,coal 0.6 - 67 bh,coal 0.1104/0.0883 ton/GJ
24 η f b,bio 0.9 - 68 fl,coal 1 -
25 ηh f c 0.5/0.52 - 69 f f ,coal 1 -
26 rh f c 0.65 - 70 ηeb 0.95
27 πh f c,max 100% - 71 COPec 5
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Table A1. Cont.

No. Name
Value

(Stage I/
Stage II)

Unit No. Name
Value

(Stage I/
Stage II)

Unit

28 µost,min 0.075 - 72 κasu 3.03 × 10−4 MWh/m3

29 µost,max 0.9 - 73 εgrid,carb 0.5810/0.5229 ton/MWh
30 σost 0.001 - 74 ξchp 0.3
31 ηost,ch 0.95 - 75 βge 0.18/0.252
32 ηost,dis 0.95 - 76 kgc 100/140 CNY/MWh
33 γost,ch 0.08 h−1 77 κcal 1.4162 MWh/ton
34 γost,dis 0.08 h−1 78 θcal 1.31
35 µhst,min 0.075 - 79 γheat 0.7
36 µhst,max 0.9 - 80 kgrid,sell 300/360 CNY/MWh
37 σhst 0.001 - 81 kng,buy 3.5/4.2 CNY/m3

38 ηhst,ch 0.95 - 82 kh,buy 6.5/5.2 CNY/m3

39 ηhst,dis 0.95 - 83 kcoal,buy 734/954 MWh/ton
40 γhst,ch 0.042 h−1 84 kbio,buy 900/1080 MWh/ton
41 γhst,dis 0.042 h−1 85 koxy,sell 0.682 CNY/m3

42 hcht 23.44 W/(m2·K) 86 kwt,curt 40 CNY/MWh
43 Scwhc 1006/1207.2 m2 87 kpv,curt 40 CNY/MWh
44 c f ume,p 1.097 kJ/(kg·K) 88 kheat,curt 50 CNY/MWh

Table A2. Values of time-varying electricity purchasing price in Case study.

Time Pgrid,sell (CNY/MWh)

0:00–1:00 0.0259
1:00–2:00 0.0259
2:00–3:00 0.0259
3:00–4:00 0.0259
4:00–5:00 0.0259
5:00–6:00 0.0259
6:00–7:00 0.0259
7:00–8:00 0.0259
8:00–9:00 0.1035
9:00–10:00 0.1035

10:00–11:00 0.1035
11:00–12:00 0.1035
12:00–13:00 0.0607
13:00–14:00 0.0607
14:00–15:00 0.0607
15:00–16:00 0.0607
16:00–17:00 0.0607
17:00–18:00 0.1035
18:00–19:00 0.1035
19:00–20:00 0.1035
20:00–21:00 0.1035
21:00–22:00 0.0607
22:00–23:00 0.0607
23:00–24:00 0.0607

Table A3. Values of time-varying wind speed and radiation intensity in Case study.

Time
u (m/s) < (kW/m2)

Spring Summer Autumn Winter Spring Summer Autumn Winter

0:00–1:00 5.54 4.50 4.58 5.17 0.000 0.000 0.000 0.000
1:00–2:00 5.38 4.33 4.42 5.00 0.000 0.000 0.000 0.000
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Table A3. Cont.

Time
u (m/s) < (kW/m2)

Spring Summer Autumn Winter Spring Summer Autumn Winter

2:00–3:00 5.23 4.17 4.25 4.83 0.000 0.000 0.000 0.000
3:00–4:00 5.15 4.08 4.17 4.75 0.000 0.000 0.000 0.000
4:00–5:00 5.08 4.00 4.08 4.67 0.000 0.006 0.000 0.000
5:00–6:00 5.00 3.92 4.00 4.58 0.015 0.018 0.012 0.000
6:00–7:00 4.96 3.88 3.96 4.54 0.045 0.054 0.036 0.026
7:00–8:00 4.92 3.83 3.92 4.50 0.113 0.135 0.091 0.065
8:00–9:00 4.92 3.83 3.92 4.50 0.279 0.334 0.224 0.160
9:00–10:00 4.92 3.83 3.92 4.50 0.430 0.515 0.345 0.246

10:00–11:00 5.08 4.00 4.08 4.67 0.528 0.632 0.424 0.302
11:00–12:00 5.23 4.17 4.25 4.83 0.559 0.668 0.448 0.320
12:00–13:00 5.46 4.42 4.50 5.08 0.566 0.677 0.454 0.324
13:00–14:00 5.69 4.67 4.75 5.33 0.551 0.659 0.442 0.315
14:00–15:00 5.85 4.83 4.92 5.50 0.476 0.569 0.381 0.272
15:00–16:00 6.00 5.00 5.08 5.67 0.340 0.406 0.272 0.194
16:00–17:00 6.08 5.08 5.17 5.75 0.189 0.226 0.151 0.108
17:00–18:00 6.15 5.17 5.25 5.83 0.068 0.081 0.054 0.000
18:00–19:00 6.08 5.08 5.17 5.75 0.000 0.018 0.000 0.000
19:00–20:00 6.00 5.00 5.08 5.67 0.000 0.000 0.000 0.000
20:00–21:00 5.85 4.83 4.92 5.50 0.000 0.000 0.000 0.000
21:00–22:00 5.77 4.75 4.83 5.42 0.000 0.000 0.000 0.000
22:00–23:00 5.62 4.58 4.67 5.25 0.000 0.000 0.000 0.000
23:00–24:00 5.54 4.50 4.58 5.17 0.000 0.000 0.000 0.000

Table A4. Values of time-varying parameters related to low-temperature waste heat in Case study.

Time
∆Tcwhc (◦C) ∆Ttche (◦C)

Spring Summer Autumn Winter Spring Summer Autumn Winter

0:00–1:00 166.79 164.81 166.79 178.16 48.28 47.71 48.28 51.57
1:00–2:00 159.01 156.13 159.01 170.36 46.03 45.19 46.03 49.31
2:00–3:00 165.77 183.42 165.77 160.04 47.99 53.10 47.99 46.33
3:00–4:00 168.33 164.44 168.33 181.98 48.73 47.60 48.73 52.68
4:00–5:00 158.40 160.19 158.40 161.67 45.85 46.37 45.85 46.80
5:00–6:00 173.23 182.68 173.23 161.45 50.15 52.88 50.15 46.74
6:00–7:00 243.41 324.56 243.41 180.42 70.46 93.95 70.46 52.23
7:00–8:00 351.45 366.82 351.45 321.39 101.74 106.19 101.74 93.03
8:00–9:00 363.29 368.73 363.29 369.29 105.16 106.74 105.16 106.90
9:00–10:00 363.02 367.44 363.02 373.95 105.08 106.36 105.08 108.25

10:00–11:00 358.35 352.11 358.35 364.56 103.73 101.93 103.73 105.53
11:00–12:00 304.05 264.79 304.05 348.73 88.01 76.65 88.01 100.95
12:00–13:00 254.10 269.66 254.10 258.86 73.55 78.06 73.55 74.93
13:00–14:00 318.94 281.13 318.94 347.69 92.32 81.38 92.32 100.65
14:00–15:00 380.00 380.00 380.00 374.23 110.00 110.00 110.00 108.33
15:00–16:00 370.63 356.78 370.63 380.00 107.29 103.28 107.29 110.00
16:00–17:00 346.41 359.37 346.41 350.92 100.28 104.03 100.28 101.58
17:00–18:00 319.27 351.46 319.27 272.66 92.42 101.74 92.42 78.93
18:00–19:00 266.60 277.46 266.60 258.64 77.17 80.32 77.17 74.87
19:00–20:00 306.11 352.27 306.11 286.71 88.61 101.97 88.61 83.00
20:00–21:00 326.79 336.70 326.79 341.46 94.60 97.47 94.60 98.84
21:00–22:00 300.21 242.98 300.21 341.82 86.90 70.34 86.90 98.95
22:00–23:00 247.84 253.51 247.84 250.19 71.74 73.38 71.74 72.42
23:00–24:00 211.29 177.25 211.29 243.42 61.16 51.31 61.16 70.47
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