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ABSTRACT: In order to address the synergistic optimization of energy efficiency improvement in the waste inciner-
ation power plant (WIPP) and renewable energy accommodation, an electricity-hydrogen-waste multi-energy system
integrated with phase change material (PCM) thermal storage is proposed. First, a thermal energy management
framework is constructed, combining PCM thermal storage with the alkaline electrolyzer (AE) waste heat recovery
and the heat pump (HP), while establishing a PCM-driven waste drying system to enhance the efficiency of waste
incineration power generation. Next, a flue gas treatment method based on purification-separation-storage coordina-
tion is adopted, achieving spatiotemporal decoupling between waste incineration and flue gas treatment. Subsequently,
a two-stage optimal dispatching strategy for the multi-energy system is developed: the first stage establishes a day-
ahead economic dispatch model with the objective of minimizing net system costs, while the second stage introduces
model predictive control (MPC) to realize intraday rolling optimization. Finally, The optimal dispatching strategies
under different scenarios are obtained using the Gurobi solver, followed by a comparative analysis of the optimized
operational outcomes. Simulation results demonstrate that the proposed system optimizes the output and operational
states of each unit, simultaneously reducing carbon trading costs while increasing electricity sales revenue. The
proposed scheduling strategy demonstrates effective grid peak-shaving functionality, thereby simultaneously improving
the system’s economic performance and operational flexibility while providing an innovative technical pathway for
municipal solid waste (MSW) resource utilization and low-carbon transformation of energy systems.

KEYWORDS: Waste incineration power plant; waste drying; phase change material thermal storage; alkaline
electrolyzer; waste heat recovery; two-stage optimal dispatching

1 Introduction
With the acceleration of urbanization and the improvement of consumption levels, the production of

municipal solid waste (MSW) has continued to rise [1,2]. In 2023, the collected volume of MSW reached
2.54 billion tons in China, with an incineration rate of 82.47% and a sanitary landfill rate of 7.45% [3].
However, sanitary landfill treatment presents multiple drawbacks, including excessive land occupation, risks
of groundwater contamination, and methane emissions, which are increasingly incompatible with the goals
of carbon peak and carbon neutrality [4,5]. As an efficient method for MSW treatment, the waste incineration
power plant (WIPP) not only achieves waste reduction and harmless disposal but also facilitates effective
resource recovery [6,7]. Against the backdrop of global decarbonization, traditional fossil fuel-dominated
energy systems are confronted with multifaceted challenges such as resource scarcity, environmental
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pollution, and excessive carbon emissions [8,9]. While the large-scale deployment of renewable energy
sources like wind and photovoltaic power has injected clean momentum into energy systems, their inherent
intermittency and variability lead to significant curtailment issues, severely constraining the integration of
renewable energy [10,11]. Therefore, investigating the coordinated operation of WIPP and renewable energy
sources holds significant importance for promoting the clean energy transition in urban energy systems.

The characteristics of MSW are significantly influenced by the geographical environment, economic
development, and residents’ living standards. There exist systematic differences in the composition and
thermophysical properties of MSW between China and developed regions such as Europe and the United
States [12]. In China, the proportion of food waste in MSW typically reaches 50%–60%, and this high organic
content results in a moisture content generally ranging between 40%–60% [13,14]. The high moisture content
not only increases the difficulty and cost of waste treatment but also reduces the calorific value of the waste,
limiting the energy recovery efficiency of waste incineration [15,16]. Ling and Chen [17] proposed a novel
cascaded waste heat recovery system for flue gas, comprising a Rankine cycle, an organic Rankine cycle, and a
heat pump (HP) cycle, which effectively improved the utilization efficiency of incineration flue gas. Building
upon this, Hong et al. [18] further incorporated the waste heat recovery from incineration bottom ash and
proposed a carbon-reduction coordinative optimization model of the integrated energy system considering
waste heat cascading utilization technology, thereby further exploring the potential of waste heat utilization
in WIPP. Liu et al. [19] tested the flue gas composition and the flue gas temperature at the outlet of the
economizer and explored the influence of flue gas recirculation on the efficiency of the incinerator-waste heat
boiler and NOx emission in WIPP. Zhou et al. [20] proposed a system based on pre-drying and torrefaction of
MSW feedstock, which improved waste incineration efficiency by recovering flue gas waste heat as a thermal
source for the pre-drying or torrefaction stages. The aforementioned studies primarily focus on enhancing
the energy efficiency of WIPP through flue gas waste heat recovery technologies, but they lack effective
thermal energy storage, resulting in insufficient flexibility in system energy utilization. Moreover, the flue
gas temperature exhibits significant fluctuation characteristics, directly affecting the stability of the heating
system. Additionally, the waste drying pretreatment mentioned above relies solely on a single flue gas heat
source, which suffers from inadequate heating capacity. These critical issues limit further improvement in
the overall system performance.

Current research indicates that multiple heat sources can be applied to waste drying, and the optimal
allocation of thermal energy management can be achieved through the integration of thermal energy storage
devices. Among these, the alkaline electrolyzer (AE) and phase change material (PCM) demonstrate signifi-
cant application potential. Specifically, AE can generate waste heat equivalent to 20%–30% of the input energy
during operation, and efficient recovery and utilization of this energy could substantially improve overall
energy efficiency. Meanwhile, PCM enables highly efficient thermal energy storage and release by absorbing
and discharging large amounts of latent heat during phase transitions [21]. Due to the advantages of AE, such
as high technological maturity and low equipment costs, as well as the high energy storage density and near-
isothermal phase change characteristics of PCM [22], both have attracted extensive academic attention and
research in the fields of waste heat recovery and thermal energy storage in recent years. Si et al. [23] designed
a wind-hydrogen hybrid system incorporating waste heat utilization and established a dual-state constrained
model for hydrogen and thermal dynamics in electrolyzers and proton exchange membrane fuel cells,
thereby reducing the operational costs of the electricity-hydrogen-thermal hybrid energy storage system.
Wang et al. [24] developed a cooperative dispatch model for an integrated electricity-heat-hydrogen energy
system, which considered the delay characteristics of heat pipelines and hydrogen pipeline storage, thereby
improving wind power consumption capability. Han et al. [25] proposed an integrated electricity-hydrogen-
heat microgrid operation model, effectively coordinating power, hydrogen, and district heating systems.
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Li et al. [26] proposed a building envelope incorporating dynamic PCM, significantly reducing indoor
temperature and heat flux on interior wall surfaces. Suo et al. [27] investigated the thermal performance of a
battery thermal management system by combining PCM with air cooling, analyzing the effects of different
PCM configurations and proportions. Singh et al. [28] investigated the influence of various thermal storage
materials and nanoparticle-enhanced PCM on the performance of solar dryers. Manikandan et al. [29]
investigated the technical characteristics of utilizing industrial and agricultural waste as PCM for thermal
energy storage applications and revealed that waste-derived PCM exhibited high latent heat storage capacity,
suitable phase transition temperatures, and reduced environmental impact, thereby significantly enhancing
the performance of thermal energy storage systems. However, existing studies remain relatively limited in
exploring AE waste heat recovery and PCM-based thermal storage applications in waste drying treatment,
warranting further in-depth research.

To enhance the comprehensive energy utilization efficiency of the system, this paper proposes an
electricity-hydrogen-waste multi-energy collaborative system. First, a steady-state efficiency-power model
for AE is constructed, and PCM is utilized to store the waste heat recovered from the hydrogen production
process as well as the thermal energy released by HP. Subsequently, PCM serves as a heat source for the
drying pretreatment of waste. Meanwhile, a flue gas treatment mechanism combining purification and CO2
separation with a flue gas storage tank (FGST) is adopted, enabling the flue gas to be either purified and
separated or temporarily stored in the storage unit. Furthermore, a two-stage optimal scheduling strategy
incorporating model predictive control (MPC) is proposed for the multi-energy system, which optimizes
system operation through day-ahead planning and intraday adjustments. Finally, a simulation case study
is conducted to analyze and compare the operational economics, investment economics, and parameter
sensitivity of the proposed scheme.

2 Electricity-Hydrogen-Waste Multi-Energy System Architecture
The proposed electricity-hydrogen-waste multi-energy system architecture is illustrated in Fig. 1. The

power generation units of the system consist of wind turbines (WT), photovoltaics (PV), and WIPP, while
the power consumption units include AE, HP, a flue gas purification device (FGPD), and a flue gas separation
device (FGSD). Additionally, the system achieves surplus electricity utilization through grid-connected
power sales.

Flue Gas HydrogenHeatPower

WT PV Grid

HP

WIPP

Hydrogen
Load

PCMAE

FGST

FGPD FGSD

Figure 1: Architecture of electricity-hydrogen-waste multi-energy system
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2.1 Alkaline Electrolyzer Model
AE decomposes water into hydrogen and oxygen through an electrochemical reaction. The empirical

equations for the electrochemical model of AE can be expressed as Eqs. (1) and (2) (parameters are detailed
in Table A1 of Appendix A).

ηEL
t =

( j21 + j22Ka)H1
H i2

t
( j11 + j12Ka + i2

t ) zFUt
(1)

Ut = Urev + (r1 + d1 + r2Ka + d2 p) it + s lg [(e1 +
e2

Ka
+ e3

K2
a
) it + 1] (2)

where: ηEL
t is the hydrogen production efficiency of AE at time t; Ut and it are the voltage and current density

of AE at time t.
Considering that variations in current density affect the hydrogen production efficiency of AE, a steady-

state efficiency-power model is adopted for AE modeling [30]. Eq. (3) characterizes the relationship between
the power consumption of AE and its voltage and current density. Eq. (4) describes the relationship between
the hydrogen production power of AE, its efficiency, and its power consumption.

PEL
t =

Ut it

UN iN
PEL

max (3)

PH
t = ηEL

t PEL
t (4)

where: PH
t , PEL

t are the hydrogen production power and power consumption of AE at time t; UN and iN are
the rated voltage and rated current density of AE; PEL

max is the maximum power consumption of AE.
The relationship between hydrogen production efficiency, hydrogen production power, and power

consumption obtained from the aforementioned formula is illustrated in Fig. 2. As shown in Fig. 2. With
the increase in AE power consumption, the hydrogen production efficiency initially rises and then declines,
while the hydrogen production power exhibits a gradual upward trend. The hydrogen production efficiency
reaches its peak value when the power consumption is approximately 7.5 MW. When the power consumption
attains the rated power, the hydrogen production efficiency stabilizes at around 65%.

Efficiency Production power

Figure 2: Relationship between hydrogen production efficiency and hydrogen production power of AE
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During the water electrolysis process, AE releases a substantial amount of thermal energy. Eq. (5)
describes the relationship between the waste heat recovery power of AE and its power consumption as well
as the hydrogen production power. Eq. (6) describes the correlation between the mass of hydrogen produced
by AE and its hydrogen production power.

QEL
t = ηR (PEL

t − PH
t ) (5)

mH
t =

PH
t

HH (6)

where: QEL
t is the waste heat recovery power of AE at time t; mH

t is the mass of hydrogen production at time
t; ηR is the waste heat utilization efficiency; HH is the calorific value of hydrogen.

Eq. (7) ensures that the daily mass of hydrogen production from AE remains constant to meet the
hydrogen demand. Eq. (8) defines the upper and lower bounds of the power consumption of AE. Eq. (9)
constrains the ramp rate of the power consumption of AE.

T
∑
t=1

mH
t = mH

d (7)

0 ≤ PEL
t ≤ PEL

max (8)
∣PEL

t − PEL
t−1∣ ≤ ΔPEL (9)

where: mH
d is the daily hydrogen production mass; PEL

max and PEL
min are the maximum and minimum values of

AE power consumption; ΔPEL is the ramping constraint of AE.

2.2 Phase Change Material Thermal Storage Model
PCM stores waste heat from AE and the converted thermal energy from HP through electro-thermal

transformation, providing a heat source for waste drying. Eq. (10) describes the relationship between the heat
absorption power of PCM and the waste heat recovery power of AE as well as the power consumption of
HP. Eq. (11) describes the thermal storage capacity of PCM in relation to its heat absorption and heat release
power.

QAbs
t = QEL

t + ηHPPHP
t (10)

SPCM
t = (1 − δPCM) SPCM

t−1 + ηPCMQAbs
t − QExo

t
ηPCM (11)

where: PHP
t is the power consumption of HP at time t; QAbs

t and QExo
t are the heat absorption power and

heat release power of PCM at time t; SPCM
t is the thermal storage capacity of PCM at time t; ηPCM is the heat

absorption and heat release efficiency of PCM; ηHP is the thermal conversion efficiency of HP; δPCM is the
self-dissipation coefficient of PCM.

Eq. (12) defines the upper and lower bounds of the thermal storage capacity of PCM. Eq. (13) ensures
that the thermal storage capacity returns to its initial value by the end of the scheduling period. Eqs. (14)
and (15) define the upper and lower limits of the heat absorption and heat release power. Eq. (16) imposes
that PCM cannot absorb and release heat simultaneously.

0.1SPCM
max ≤ SPCM

t ≤ SPCM
max (12)

SPCM
0 = SPCM

T = 0.1SPCM
max (13)

0 ≤ QAbs
t ≤ μAbs

t QAbs
max (14)
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0 ≤ QExo
t ≤ μExo

t QExo
max (15)

μAbs
t + μExo

t ≤ 1 (16)

where: QAbs
max and QExo

max are the maximum values of heat absorption and heat release power of PCM; SPCM
max

is the maximum value of the thermal storage capacity of PCM; μAbs
t and μExo

t are the 0–1 state variables of
PCM at time t, where μAbs

t = 1 indicates the heat absorption state and μExo
t = 1 indicates the heat release state.

Eq. (17) defines the upper and lower bounds of the power consumption of HP. Eq. (18) constrains the
ramp rate of the power consumption of HP.

0 ≤ PHP
t ≤ PHP

max (17)

∣PHP
t − PHP

t−1 ∣ ≤ ΔPHP (18)

where: PHP
max is the maximum value of the power consumption of HP; ΔPHP is the ramping constraint of HP.

2.3 Waste Treatment Model
The waste treatment model of WIPP is described by Eqs. (19)–(25).
(1) Waste drying
Eq. (19) describes the relationship between the PCM heat release power and the waste moisture content

as well as the waste incineration mass. Eq. (20) ensures a fixed total daily waste incineration mass. Eq. (21)
defines the upper and lower bounds of the waste moisture content. Eq. (22) defines the upper and lower
bounds of the waste incineration mass.

QExo
t = γW σ W

0 − σ W
t

1 − σ W
0

mWI
t (19)

mAll =
T
∑
t=1

mWI
t (20)

σ W
min ≤ σ W

t ≤ σ W
0 (21)

mWI
min ≤ mWI

t ≤ mWI
max (22)

where: mWI
t is the mass of waste fed into the incinerator at time t; σ W

t is the moisture content of the waste
at time t; σ W

0 is the initial moisture content of the waste; σ W
min is the minimum value of the waste moisture

content; γW is the waste drying coefficient; mAll is the daily waste incineration mass; mWI
max and mWI

min are the
maximum and minimum values of the waste mass.

(2) Waste incineration power generation
Eq. (23) describes the relationship between the power generation of WIPP and the moisture content

as well as the mass of incinerated waste. The unit power generation per mass of waste incineration can be
approximated as a linear function of the waste moisture content. Eq. (24) defines the upper and lower bounds
on the power generation of WIPP. Eq. (25) constrains the ramp rate of the power generation of WIPP.

PWI
t = (aσ W

t + b)mWI
t (23)

PWI
min ≤ PWI

t ≤ PWI
max (24)

∣PWI
t − PWI

t−1 ∣ ≤ ΔPWI (25)
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where: PWI
t is the power generation of WIPP at time t; a and b are the waste power generation coefficients;

PWI
max and PWI

min are the maximum and minimum values of the power generation of WIPP; ΔPWI is the ramping
constraint of WIPP.

2.4 Flue Gas Treatment Model
WIPP generates a significant volume of flue gas during the incineration process, which contains various

pollutants as well as greenhouse gases such as CO2 [31]. The flue gas is initially treated by FGPD to remove
pollutants, followed by FGSD to achieve effective isolation of greenhouse gases. To further optimize system
operation, FGST is introduced to decouple the flue gas treatment process from waste incineration [32]. The
flue gas treatment model of WIPP is described by Eqs. (26)–(37).

(1) Flue gas purification
Eq. (26) describes the linear relationship between the power consumption of FGPD and the flue gas

treatment quantity. Eq. (27) describes the dependency of the flue gas incineration quantity on the power
generation of WIPP. Eq. (28) describes the relationship between the purified flue gas quantity and flue gas
flow splitting.

PF
t = ωFV F

t (26)
eFPWI

t = V RT
t + V GI

t (27)
V F

t = V RT
t + V GO

t (28)

where: PF
t is the power consumption of FGPD at time t; V F

t is the flue gas treatment quantity at time t; V RT
t

and V GO
t are the quantity of flue gas flowing into FGPD from WIPP and FGST at time t; V GI

t is the quantity
of flue gas flowing into FGST from WIPP at time t; ωF is the power consumption coefficient of FGPD; eF is
the flue gas emission coefficient.

Eq. (29) describes the relationship between the stored flue gas quantity of FGST and the inflow/outflow
rates of flue gas. Eq. (30) ensures that the flue gas storage capacity returns to its initial value by the end of the
scheduling period. Eq. (31) defines the upper and lower bounds on the flue gas storage capacity.

V G
t = V G

t−1 + V GI
t − V GO

t (29)
V G

0 = V G
T (30)

V G
min ≤ V G

t ≤ V G
max (31)

where: V G
t is the flue gas storage capacity of FGST at time t; V G

max and V G
min are the maximum and minimum

values of the flue gas storage capacity of FGST.
Eqs. (32)–(34) constrain the flow rate of the flue gas pipeline. Eq. (35) imposes that the inflow and

outflow of FGST cannot occur simultaneously.

0 ≤ V RT
t ≤ V L

max (32)
0 ≤ V GI

t ≤ uGI
t V L

max (33)
0 ≤ V GO

t ≤ uGO
t V L

max (34)
uGI

t + uGO
t ≤ 1 (35)

where: V L
max is the maximum value of the flue gas pipeline flow rate; uGI

t and uGO
t are the 0–1 state variables

of FGST at time t, μGI
t = 1 indicates the gas inflow state and μGO

t = 1 indicates the gas outflow state.
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(2) Flue gas separation
Eq. (36) describes the relationship between the power consumption of FGSD and the CO2 separation

quantity. Eq. (37) describes the correlation between the CO2 separation quantity and the flue gas purification
quantity.

PC
t = ωCV C

t (36)
V C

t = αβV F
t (37)

where: PC
t is the power consumption of FGSD at time t; V C

t is the quantity of CO2 separated from the flue
gas at time t; ωC is the power consumption coefficient of FGSD; α is the proportion of CO2 in the flue gas; β
is the CO2 separation rate.

3 Two-Stage Optimal Dispatching Strategy
As illustrated in Fig. 3, the electricity-hydrogen-waste multi-energy system adopts a two-stage optimal

dispatching strategy consisting of day-ahead and intraday phases. In the day-ahead dispatching stage, with
a 1-h temporal resolution and a 24-h dispatching horizon, the optimal operational plan for each subsystem
is determined for the dispatching period. For the intraday dispatching phase, a rolling horizon optimization
approach is employed, with a 15-min optimization step and a 4-h rolling window, to perform refined
adjustments to the day-ahead dispatching plan.

Minimization of Net Cost

Output of Each Device

Minimization of Fluctuation

Power-Heat-
Flue Gas Balance

End

Forecast of Wind and 
Photovoltaic Power

Day-Ahead Dispatching

Intra-Day Dispatching 

0

1

T

t

t+1

Start

No

Yes

UpdateHeat Storage Capacity

Gas Storage Capacity

PCM
tS
G

tV

Figure 3: Flowchart of the two-stage optimal dispatching

3.1 Day-Ahead Dispatching
Day-ahead dispatching aims to minimize the net expenditure within the dispatching period as its

optimization objective, considering the economic efficiency of system operation. The system expenditures
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include flue gas treatment expenditure, carbon trading expenditure, and hydrogen production expenditure
while the revenue is derived from grid-connected electricity sales. The objective function for day-ahead
dispatching is given in Eq. (38). Eq. (39) describes the relationship between flue gas treatment expenditure
and the power consumption of flue gas purification and separation. Eq. (40) describes the carbon trading
expenditure as a function of the power generation of WIPP and flue gas treatment quantity. Eq. (41) describes
the hydrogen production expenditure of AE in relation to its power consumption. Eq. (42) describes the
electricity sales revenue as a function of the grid-connected power of the system. The day-ahead dispatching
constraints encompass not only the constraints associated with individual units but also the system electrical
power balance constraint, as specified in Eq. (43).

Fah =min
T
∑
t=1
(CF

t + CC
t + CEL

t − IG
t ) (38)

CF
t = kF (PF

t + PC
t ) (39)

CC
t = kC [α (1 − β)V F

t − eCPWI
t ] (40)

CEL
t = kELPEL

t (41)
IG

t = kE
t PE

t (42)
PWT

t + PPV
t + PWI

t = PEL
t + PF

t + PC
t + PHP

t + PE
t (43)

where: Fah is the minimum net expenditure of the day-ahead dispatching for the system; CF
t is the flue

gas treatment expenditure at time t; CC
t is the carbon trading expenditure at time t; CEL

t is the hydrogen
production expenditure at time t; IG

t is the revenue from grid-connected electricity sale at time t; PE
t is the

grid-connected power at time t; kE
t is the grid-connected electricity price at time t; kF is the unit expenditure

of flue gas treatment; kC is the unit price of carbon trading; kEL is the unit hydrogen production price; eC is
the carbon emission allocation coefficient.

To enhance readability, the technical coupling relationships among system modules are illustrated
in Fig. 4.

Objective function s.t.(38)

AE
s.t. (1)-(2),(4),(8)-(9)

PCM
s.t.(11)-(16)

HP
s.t.(18)

Grid
s.t.(43)

FGSDWIPP
s.t.(20)-(22),(24)-(25)

(27) (34)

(41) (40)

(3) (23)

(10)

(5)
(19) (37)(28)

(39)

(42)

(17)

(26) (36)

FGST

s.t. (7)

Hydrogen
load

(6)

s.t. (29)-(33),(35)

FGPD

Figure 4: Inter-unit coupling mechanisms within the system

3.2 Intra-Day Dispatching
Intraday dispatching is performed based on the optimization results of day-ahead dispatching, employ-

ing MPC for rolling optimization to correct prediction deviations in the day-ahead dispatching plan. It
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adjusts the output of each unit, the thermal storage of PCM, and the gas storage of FGST to ensure the system
meets the balance of electricity, heat, and flue gas. The objective function of intraday dispatching is described
by Eq. (44). The constraints are similar to those of day-ahead dispatching, but due to the change in time
resolution from 1 h to 15 min, adjustments are required for the constraints of relevant devices, as formulated
in Eqs. (45)–(47). Eqs. (48) and (49) describe the relationship between thermal storage capacity and flue gas
storage capacity in day-ahead scheduling and intraday scheduling.

Fin =min
t+M−1
∑
τ=t
(CF

τ + CC
τ + CEL

τ − IG
τ ) (44)

∣PEL
τ − PEL

τ−1∣ ≤ ΔPEL/4 (45)
∣PWI

τ − PWI
τ−1∣ ≤ ΔPWI/4 (46)

∣PHP
τ − PHP

τ−1∣ ≤ ΔPHP/4 (47)
SPCM

t+M−1 = SPCM*
t+M−1 (48)

V G
t+M−1 = V G∗

t+M−1 (49)

where: Fin is the minimum net expenditure of the intraday dispatching for the system; M is the prediction
horizon of MPC; SPCM*

t+M−1 and V G∗
t+M−1 are the thermal storage capacity and flue gas storage capacity of the

intraday dispatching.

4 Simulation Analysis

4.1 Simulation Setup
Here are the three operational schemes proposed for the electricity-hydrogen-waste multi-energy

system:
Scheme 1: Consider PCM thermal storage and AE waste heat recovery.
Scheme 2: Consider AE waste heat recovery, regardless of PCM thermal storage. The heat required for

waste drying is directly supplied by AE and HP.
Scheme 3: Regardless of PCM thermal storage and AE waste heat recovery. The heat required for waste

drying is solely supplied by HP.
Taking the WIPP in southern China as a case study, the specific system parameters are provided

in Table A2 of Appendix A, the 24-h grid electricity price curve is shown in Fig. 5, and the WT and PV power
output curve is presented in Fig. 6.
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Figure 6: WT and PV power output curve

4.2 Simulation Results Analysis
To validate the correctness and effectiveness of the proposed model, the YALMIP toolbox in MATLAB

is employed for modeling, and the Gurobi solver is invoked to perform the optimization solution. The
simulation results of the electricity-hydrogen-waste multi-energy system under various operational schemes
are presented in Figs. 7–15.
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Figure 7: Scheme 1 electrical power balance
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Figure 8: Scheme 1 thermal power balance
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Figure 9: Scheme 1 flue gas balance
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Figure 12: Scheme 2 flue gas balance
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Figure 15: Scheme 3 flue gas balance

As illustrated in Fig. 7, the WT power output demonstrates a relatively balanced temporal distribution
characteristic, with prominent generation periods occurring during 1:00–7:00 and 21:00–24:00. During the
low electricity price interval from 1:00–7:00, the system prioritizes the utilization of wind resources to
power AE for water electrolysis hydrogen production, while synergistically employing HP to accomplish
electricity-to-heat conversion, thereby satisfying both the daily hydrogen load demands and PCM thermal
storage requirements. PV power output is constrained by solar irradiance intensity, with its effective
output period spanning from 5:00–20:00 and reaching peak power output during 11:00–16:00. The grid-
connected electricity price maintains elevated levels during 8:00–21:00, correspondingly, WIPP power output
is primarily concentrated during 9:00–20:00. The system’s electricity selling behavior exhibits a dual-peak
characteristic, predominantly occurring during two intervals: 8:00–12:00 and 15:00–20:00. The flue gas
treatment process is mainly distributed across 13:00–16:00 and 21:00–24:00 periods, encompassing two
critical stages: flue gas purification and CO2 separation, which exhibit significant coupling characteristics in
terms of power consumption.
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As illustrated in Fig. 8, PCM exhibits distinct temporal decoupling characteristics in its heat charging
and discharging processes. Specifically, the thermal storage capacity of PCM increases significantly when
AE operates in synergy with HP, whereas it decreases correspondingly during the endothermic phase of the
waste drying process. Waste drying operations are primarily concentrated between 9:00 and 21:00, a period
that aligns well with the peak power output of WIPP. During this interval, PCM releases substantial latent
heat to drive the waste drying process, thereby enhancing the energy coupling between waste drying and
incineration power generation. The system prioritizes the scheduling of waste drying and incineration power
generation during high electricity price periods. The more waste processed per unit time by WIPP, the more
thorough the drying becomes, leading to greater heat demand for drying and consequently higher power
generation. From 1:00 to 7:00, the system utilizes PCM to absorb heat from the electrothermal conversion of
HP and waste heat recovery of AE, during which waste is incinerated directly without pretreatment.

As illustrated in Fig. 9, the inflow of flue gas into FGST predominantly occurs between 10:00–12:00
and 17:00–20:00, while outflow and subsequent treatment are concentrated during 13:00–15:00 and 21:00–
24:00. During peak electricity price periods, the system temporarily stores flue gas from waste incineration
in FGST, deferring purification to off-peak hours. However, due to the limited capacity of FGST and the
throughput constraints of flue gas pipelines, dynamic coupling limitations persist between flue gas treatment
and incineration power generation processes.

As illustrated in Figs. 10–12, Scheme 2 demonstrates the operational periods of AE are primarily
concentrated between 1:00–9:00 and 13:00–15:00, while HP operates mainly during 1:00–2:00 and 8:00–21:00.
Due to the absence of an effective thermal storage mechanism, the waste heat recovered by AE and the
heat released by HP cannot be stored and can only be utilized in real-time for the waste drying process.
Consequently, a tight real-time energy coupling relationship is formed among the AE waste heat, HP heat
release, and waste drying heat absorption. In Scheme 2, waste drying operations are distributed between
1:00–21:00, whereas during 22:00–24:00, waste is directly fed into the incineration power generation process
without drying. Compared with Scheme 1, the amount of waste heat recovered by AE in Scheme 2 remains
largely unchanged, but the power consumption and heat output of HP are significantly reduced. This leads
to a decrease in the available heat for waste drying, resulting in suboptimal drying performance and a
consequent decline in the overall power output of WIPP. Furthermore, the variation trend of flue gas storage
in FGST in Scheme 2 is similar to that in Scheme 1, but the temporal distribution of flue gas inflow and
outflow exhibits more dispersed characteristics.

As illustrated in Figs. 13–15, Scheme 3 demonstrates similar performance to Scheme 2 in terms of elec-
trical power output, thermal power distribution, and flue gas balance characteristics. Notably, a significant
coupling relationship is observed between the heat release process of HP and the heat absorption process of
waste drying. The waste drying operation is only conducted during two time periods: 1:00–2:00 and 8:00–
21:00. Although the power consumption characteristics of HP are largely comparable to those of Scheme 2,
the failure to effectively utilize the waste heat resources from AE results in relatively lower efficiency in waste
drying, thereby adversely affecting the overall power output level of WIPP.

4.3 Economic Comparison
(1) Comparative Analysis of Operational Economics
Based on the statistical analysis of simulation results, the daily expenditures and revenues of each

scheme are obtained. The daily operational revenue is calculated by subtracting flue gas treatment expen-
diture, carbon trading expenditure, and hydrogen production expenditure from electricity sales revenue,
as presented in Table 1. Scheme 1 demonstrates the highest flue gas treatment and hydrogen production
expenditure, the lowest carbon trading expenditure, and the highest grid-connected revenue and operational
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expenditure. This is attributed to Scheme 1’s WIPP generating the maximum power output, resulting in
the highest flue gas emissions and the largest carbon emission allowances. Compared with Scheme 1,
Scheme 2 shows a significant reduction in flue gas treatment expenditure, accompanied by a substantial
decrease in grid-connected revenue and a notable decline in operational revenue. Relative to Scheme 2,
Scheme 3 exhibits further reductions in both grid-connected revenue and operational revenue. Overall, the
operational revenue of Scheme 1 is approximately 7.42% and 8.47% higher than that of Schemes 2 and 3,
respectively, indicating that PCM thermal storage and AE waste heat recovery significantly enhance the
system’s economic performance.

Table 1: Comparison of daily operational expenditures and revenues across different schemes (Unit: yuan)

Scheme Flue gas
treatment

expenditure

Carbon
trading

expenditure

Hydrogen
production
expenditure

Electricity sale
revenue

Operational
revenue

Scheme 1 10,4231.6 −79,313.0 32,563.7 623,063.4 565,581.1
Scheme 2 97,102.7 −73,888.4 32,171.2 578,997.5 523,612.0
Scheme 3 92,200.7 −70,158.3 32,137.4 571,846.6 517,666.8

(2) Comparative Evaluation of Investment Economics
In the current comparative analysis of operational performance, the differences in initial investment

expenditure among various schemes have not been comprehensively considered. Therefore, a comparative
analysis of the investment economics of Scheme 1 and Scheme 2 relative to Scheme 3 is conducted.
According to the equipment parameter settings, the design operational lifetimes of PCM, AE, and the
waste heat recovery device are all 15 years. Specifically, the unit investment expenditure of PCM is 120,000
yuan/MWh [33], with a total investment of 72 million yuan; the unit investment expenditure of the waste
heat recovery system for AE is 600,000 yuan/MW [34], with a total investment of 18 million yuan. During
long-term operation, the performance of PCM and AE exhibits degradation characteristics [35]. The thermal
storage capacity and charge-discharge efficiency of PCM, as well as the hydrogen production efficiency
of AE, gradually decline with increasing operational years, as mathematically characterized by Eqs. (50)–
(52). Fig. 16 illustrates the attenuation characteristics of AE’s hydrogen production efficiency as a function of
operational years.

ηEL
ζ (PEL) = (1 − λEL)ζ−1 ηEL (PEL) (50)

ηPCM
ζ = ηPCM − λPCM

1 (ζ − 1) (51)

SPCM
max ,ζ = (1 − λPCM

2 )ζ−1 SPCM
max (52)

where: ηEL
ζ (PEL) denotes the relationship between the hydrogen production efficiency and power consump-

tion of AE in year ζ ; ηPCM
ζ is the heat absorption and heat release efficiency of PCM in year ζ ; SPCM

max ,ζ is the
maximum value of the thermal storage capacity of PCM in year ζ ; λEL and λPCM

1 are the annual efficiency
attenuation coefficients of AE and PCM; λPCM

2 is the annual thermal storage capacity attenuation coefficient
of PCM; ζ indicates the year, ζ = 1, 2, 3, ..., 15 (parameters are detailed in Table A2 of Appendix A).
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Figure 16: The annual efficiency degradation curve of AE

Based on the life-cycle expenditure analysis method, an economic comparison was conducted among
the three proposed schemes. Specifically, the daily operational revenue of each scheme is first obtained
through operational economic analysis at the daily timescale. These daily revenues are then accumulated
over 365 operating days per year to derive the annual operational revenue for each scheme. Subsequently, the
annual incremental operational revenue (AIOR) of Scheme 1 and Scheme 2 relative to Scheme 3 is calculated.
To further evaluate the time value of economic revenue, a discount rate of 5% is applied to discount the annual
incremental revenues, ultimately yielding the equivalent annual incremental operational revenue (EAIOR)
for Scheme 1 and Scheme 2. The specific results are presented in Table 2.

Table 2: Annual incremental operating revenue for Scheme 1 and Scheme 2 (Unit: yuan)

Year Schem1 AIOR Schem2 AIOR Schem1 EAIOR Schem2 EAIOR
1 17,488,719.5 2,169,998.0 16,655,923.3 2,066,664.8
2 16,883,002.0 2,223,397.5 15,313,380.5 2,016,687.1
3 16,299,732.0 2,277,855.5 14,080,321.3 1,967,697.2
4 15,745,917.5 2,332,897.5 12,954,205.3 1,919,280.5
5 15,135,418.5 2,392,502.0 11,858,996.4 1,874,587.9
6 14,572,990.0 2,459,844.5 10,874,589.5 1,835,573.8
7 14,037,206.5 2,514,448.5 9,975,980.6 1,786,971.6
8 13,497,773.0 2,554,890.5 9,135,824.1 1,729,250.5
9 12,934,614.5 2,599,822.0 8,337,767.8 1,675,868.4
10 12,397,553.5 2,648,148.0 7,611,022.4 1,625,733.2
11 11,872,318.5 2,721,403.5 6,941,498.7 1,591,148.3
12 11,385,627.5 2,789,330.0 6,339,943.4 1,553,203.3
13 10,882,438.5 2,838,714.5 5,771,189.5 1,505,430.9
14 10,374,066.5 2,879,339.0 5,239,608.5 1,454,261.9
15 9,850,656.5 2,946,462.5 4,738,334.2 1,417,298.8

Based on the cumulative EAIOR of Scheme 1 and Scheme 2, the total EAIOR over the entire life cycle
compared to Scheme 3 are obtained. Subsequently, the net present value (NPV) of Scheme 1 and Scheme 2
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is derived by deducting capital expenditure (CAPEX) from the 15-year equivalent AIOR. Finally, the relative
payback period and internal rate of return (IRR) of Scheme 1 and Scheme 2 compared to Scheme 3 are
calculated. The specific computational results are presented in Table 3.

Table 3: Life-cycle investment economic comparison for Scheme 1 and Scheme 2

Scheme CAPEX/104

yuan
Total

EAIOR/104

yuan

NPV/104

yuan
Relative
payback

period/year

IRR/%

Scheme 1 9000 14,582.86 5582.86 6.76 14.25
Scheme 2 1800 2601.97 801.97 9.59 10.66

Compared with Scheme 3, Scheme 1 requires a CAPEX of 90 million yuan, but yields an NPV of 55.83
million yuan over 15 years. Its IRR reaches 14.25%, which exceeds the benchmark return level of the power
industry. Moreover, its relative payback period is 6.76 years, shorter than the designed service life. In contrast,
Scheme 2 involves a CAPEX of 18 million yuan compared with Scheme 3, achieving an NPV of 8.02 million
yuan over 15 years, with an IRR of 10.66% and a relative payback period of 9.59 years. The comprehensive
comparison demonstrates that Scheme 1 outperforms Scheme 2 in terms of higher NPV, a shorter payback
period, and a superior IRR, indicating more favorable economic viability for investment.

4.4 Sensitivity Analysis of Parameters
To investigate the impact of variations in system parameters on the economic performance of the

proposed scheme, a sensitivity analysis is conducted on PCM size, hydrogen demand, initial moisture content
of waste, electricity price, as well as WT and PV power output. By comparing the percentage by which the
operational revenue of Scheme 1 leads that of Schemes 2 and 3, the operational economy of Scheme 1 relative
to Schemes 2 and 3 under different parameters is analyzed.

(1) PCM size
The size of PCM is evaluated based on its maximum thermal storage capacity, with a baseline of

600 MWh and a variation range of 500 to 700 MWh, as illustrated in Fig. 17.

R
1

R
2

Figure 17: Size sensitivity of PCM
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The economic performance of Scheme 1 is optimal when the maximum thermal storage capacity of PCM
ranges between 580–600 MWh. However, when the capacity falls below 580 MWh or exceeds 600 MWh,
the economic efficiency of Scheme 1 declines. Considering the capacity margin of the PCM, 600 MWh is
selected as the maximum thermal storage capacity.

(2) Hydrogen demand
The hydrogen demand is quantified by the daily hydrogen production mass, with a baseline value of

4 t and an operational range of 3 to 5 t, as illustrated in Fig. 18.

R
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Figure 18: Hydrogen demand sensitivity

Scheme 1 demonstrates optimal economic performance compared to Scheme 3 when the daily hydrogen
production reaches 4.6 t. For daily production levels between 3.6–3.8 t, Scheme 1 exhibits superior economic
efficiency relative to Scheme 2. Considering the comprehensive economic evaluation of Scheme 1, a system
design with a daily hydrogen production mass of 4 t is ultimately selected.

(3) Initial moisture content of waste
The initial moisture content of waste is set at 42.36% as the baseline, with a variation range of 31.77% to

52.95%, as illustrated in Fig. 19.
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Figure 19: Sensitivity to initial moisture content of waste
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The initial moisture content of waste significantly impacts the economic performance of the system. As
the initial moisture content increases, the economic viability of Scheme 1 initially improves before declining,
reaching its optimal economic efficiency at a moisture content of 42.36%.

(4) Electricity price
The grid-connected electricity price is determined based on the baseline electricity price, with its

fluctuation range set between 80% and 120% of the baseline price, as illustrated in Fig. 20.
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Figure 20: Electricity price sensitivity

The fluctuation of electricity prices has a relatively minor impact on system economics. Specifically, the
economic advantage of Scheme 1 over Scheme 3 remains approximately 8.4%, while that of Scheme 1 over
Scheme 2 stays around 7.4%.

(5) WT and PV power output
The WT and PV power output is bounded within 80% to 120% of the baseline generation capacity, with

the variation range illustrated in Fig. 21.
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Figure 21: Sensitivity to WT and PV power output
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The system exhibits high sensitivity to WT and PV power output variations. Specifically, Scheme 1
demonstrates optimal economic performance when WT and PV generation maintains approximately 96%
of its original output level. However, its economic efficiency shows a progressive decline when WT and PV
output exceeds the baseline level.

Overall, the economic efficiency of Scheme 1 follows a first-increasing-then-decreasing trend with
respect to parameter variations. Under fluctuating system conditions, Scheme 1 consistently outperforms
Scheme 2 and Scheme 3, basically maintaining a profit margin advantage of over 5%, thereby demonstrating
robust economic viability.

5 Conclusion
This paper proposes a two-stage optimal scheduling strategy for an integrated electricity-hydrogen-

waste multi-energy system incorporating PCM and AE. The core mechanism lies in utilizing PCM to recover
waste heat from AE along with heat generated by HP for waste drying, thereby reducing moisture content
in waste and enhancing per-unit waste-to-energy conversion efficiency. Furthermore, FGST establishes
an integrated purification-separation-storage flue gas treatment approach, decoupling the interdependence
between waste incineration power generation and flue gas treatment processes. Finally, a two-stage opti-
mization scheduling model combining day-ahead economic dispatch with intraday rolling optimization is
adopted to optimize the output and operational states of system components, mitigating the negative impacts
of prediction errors on power, heat, and flue gas balance.

Experimental data demonstrate that the system improves economic performance through thermal
storage and multi-energy coordination, promotes renewable energy consumption, and achieves peak shaving
and valley filling in the power grid. The incorporation of FGST significantly enhances the flexibility of flue
gas treatment while reducing system carbon emissions, yielding notable environmental benefits. Specifically,
PCM and the waste heat recovery device of AE increase operating revenue by 8.47%, with an internal rate of
return reaching 14.25%, indicating excellent economic and investment returns.

This study verifies the technical feasibility of the electricity-hydrogen-waste multi-energy system and
optimizes spatiotemporal energy distribution. The system demonstrates outstanding engineering application
value in improving energy conversion efficiency and realizing waste heat recovery. Future research will
further investigate synergistic operation mechanisms among system components and refine the model to
enhance overall system performance and applicability.

Acknowledgement: Not applicable.

Funding Statement: The authors received no specific funding for this study.

Author Contributions: Study conception and design: Linwei Yao, Xiangning Lin; data collection: Huashen He, Jiahui
Yang; analysis and interpretation of results: Linwei Yao, Huashen He; draft manuscript preparation: Linwei Yao. All
authors reviewed the results and approved the final version of the manuscript.

Availability of Data and Materials: Not applicable.

Ethics Approval: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest to report regarding the present study.



3306 Energy Eng. 2025;122(8)

Appendix A

Table A1: Operational parameters of the alkaline electrolyzer

Ka/oC j11/(A2/m4) j12/(A2 ⋅m−4/oC) j21 j22/oC−1

85 478,645.74 −2953.15 1.0396 −0.00104
H1

H/(kJ/mol) z F/(oC/mol) p/bar e1/(m2/A)
286 2 96,485 16 −0.01539

e2/(m2 ⋅ ○C/A) e3/(m2 ⋅ ○C2/A) s/V r1/(Ω ⋅m2) r2/(Ω ⋅m2/○C)
2.00181 15.24178 0.33824 4.45153 × 10−5 6.88874 × 10−9

d1/(Ω ⋅m2) d2/(Ω ⋅m2/bar) iN/(A/m2) UN/V
−3.12996 × 10−6 4.47137 × 10−7 6000 2.1329

Table A2: The parameters of each unit within the system

mAll/t mH
d /t γW/(MWh/t) a/(MWh/t) b/(MWh/t)

1500 4 0.6782 −1.405 0.946
ηPCM ηR ηHP δPCM SPCM

max /MWh
0.98 0.88 2.5 0.01 600

eF/(t/MWh) eC/(t/MWh) ωF/(MWh/t) ωC/(MWh/t) PEL
max/MW

0.96 0.76 0.513 0.23 30
PHP

max/MW ΔPEL/MW ΔPHP/MW ΔPWI/MW V G
0 /t

30 18 24 20 30
V G

min/t V G
max/t V L

max/t α β
30 300 100 0.72 0.9

QAbs
max/MW QExo

max/MW σ W
min/% σ W

0 /% mWI
min/t

100 100 5.67 42.36 30
mWI

max/t PWI
min/MW PWI

max/MW kF/(yuan/MWh) kEL/(yuan/MWh)
120 10 100 150 137.8

kC/(yuan/t) λPCM
1 /% λEL/% λPCM

2 /% HH/(MWh/t)
105 1 0.6 2 39.41
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