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Abstract: In an actual thermal power plant, deep peak shaving will cause thermal power units to
run under non-nominal conditions for an extended period, resulting in serious problems such as
increased equipment wearing, low equipment utilization efficiency and decreased benefits. To this
end, in this work, both the design and optimization method for a coal to hydrogen system which
is coupled with the expected non-nominal operation of thermal power units are proposed. Aiming
towards maximum profit in the context of thermal power plants, a mathematical optimization model
for a coal to hydrogen system based on the multi-period operating conditions of thermal power
plants is established. The corresponding optimal design scheme of the coal to hydrogen system is
determined using variable operating conditions. The superiority of the integrated system compared
with an independent system is explored and the feasibility of the proposed method is verified by
using the case study of an actual thermal power plant. The results show that compared with the
independent system, the economic benefits of the integrated system can increase by 13.56%, where
the sale of hydrogen in the coal to hydrogen system accounts for 60.3% of the total benefit. The
main expenditure associated with the system is the purchase cost of feedstock coal, accounting for
91.8%. Since the required power and medium-pressure steam in the coal to hydrogen process are
provided by thermal power units, the minimum operating load of the thermal power plant in the
integrated system increases from 40% to 60.1%, which significantly improves the utilization efficiency
and service life of the generator units. In addition, the proposed integration scheme of the system is
simple and controllable, which can contribute to the maintenance of the safe and stable operation
of power generation and hydrogen production processes. These results are expected to provide the
necessary methodological guidance for the integration and optimization of coal-fired power plants
and coal to hydrogen systems.

Keywords: thermal power plant; coal to hydrogen system; multi-period integration; process simulation;
system optimization

1. Introduction

In the context of carbon neutrality, the installed capacity and share of renewable
energies, such as wind power, solar photovoltaic power and hydropower have risen
rapidly. Existing thermal power units, especially large-scale coal-fired power plants, will
face increasingly severe overcapacity and a decline in the annual available hours of power
generation. In addition, the continuous rise in the price of coal will result in thermal power
units participating in deep peak shaving [1]. However, the non-nominal operation of
thermal power units in peak shaving processes will not only aggravate the wear and tear of
devices and shorten their service life [2] but will also significantly increase coal and energy
consumption [3] and reduce the economic benefits of thermal power plants. Therefore,
seeking an economical and efficient operational mode that can adapt to the demand for
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peak shaving will become the key to the green transformation and development of thermal
power plants [4,5].

Integrating thermal power units with an energy storage system or chemical production
system is expected to provide new ways of solving this problem [6–9]. In this method,
thermal power units can integrate with the energy storage system or hydrogen production
system through electricity, steam and devices, etc. [10]. In this way, the problems of
device wear [11] and low utilization efficiency caused by the frequent start–stop of thermal
power units are avoided, thus prolonging the service life of the unit and increasing the
power load [12,13]. Furthermore, the method is also conducive to improving the capacity
of thermal power units when participating in depth peak shaving [14]. In general, the
surplus electricity of thermal power plants can be converted into other forms of energy
for storage, which serves to balance fluctuations in electricity over different periods [15].
In addition, using the surplus electricity and heat of thermal power plants for combined
chemical production is optimal for thermal power plants when participate in deep peak
shaving [16–18].

Benalcazar [7] optimized the thermal energy storage unit in a combined heat and
power plant. With the aim of addressing multiple heat sources, Zhang et al. [9] suggested
a molten salt thermal storage system in a coal-fired power plant which helps to improve
the flexibility of thermal power units and their ability to participate in peak shaving.
Wang et al. [14] stored the heat of the surplus main steam and reheat steam of thermal
power units via molten salt, and proved that energy storage systems can significantly
enhance the deep peak shaving capacity of thermal power plants and overcome power
load limitations. Thomas et al. [19] summarized the application and advantages of molten
salt energy storage at commercial and research levels, and outlined the developmental
potential of molten salt energy storage systems and their integration with power plants.
Wolfersdorf et al. [20] pointed out that the minimum power load of a thermal power plant
can be reduced from 50% to 33–34% by coupling thermal power units with their annex
units for chemical energy storage. Pérez et al. [16] introduced combined heat and power
generation and the biorefinery of biogas in a waste treatment plant, which significantly
improved the flexibility of the power plant. Romeo et al. [21] integrated a thermal power
plant with a power-to-gas (PtG) system via thermal coupling to avoid the frequent start–stop
of thermal power units due to low loads, thereby reducing start–stop costs. It was shown
that the integration of a thermal power plant and a PtG system can greatly reduce costs
in terms of power production and frequent start–stops, therefore improving the economy
of the thermal power plant. Forman et al. [8] integrated thermal power units with the
syngas-based chemical synthesis system via thermal coupling, and it was suggested that the
coal consumption of thermal power plants can be effectively reduced and the load elasticity
of thermal power units can be greatly modified. In addition, a reduction in the start–stop
frequency of thermal power plants and a minimum load in terms of the units was also
achieved. Buttler et al. [15] introduced a hydrogen production system into an integrated
gasification combined cycle power plant via water electrolysis. The results showed that
the integrated system could not only significantly improve the operational flexibility
and economic benefits of the power plant but also increase its capacity to participate in
peak shaving.

Similar to the above-mentioned systems, such as the PtG system, the syngas system
and the hydrogen production system via water electrolysis, the coal to hydrogen (CtH)
system also has great potential to be integrated with thermal power units. On one hand,
the CtH process adopts coal as the raw material to produce high-purity hydrogen, which
requires a large amount of medium-pressure (MP) steam for gasification and water gas shift
reactions [22,23]. Thus, under non-nominal operation conditions, the thermal power units
can not only share the raw coal and cooling water system with the CtH system but also
provide the MP reheat steam to CtH system [14]. On the other hand, the large amount of
high-grade heat [24] generated in the CtH process can generate high-pressure (HP) steam to
create additional benefits for the power plant. Therefore, the integration of thermal power
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units with the CtH system can not only improve the operational flexibility of thermal
power plants under the premise of meeting the peak shaving demand but also promote the
economic benefits of power plants through hydrogen production and HP steam generation.
The system provides an opportunity for energy conservation, emission reductions and
the green transformation of coal-fired power plants and CtH systems. However, in most
current research, thermal power units are commonly integrated with chemical production
systems through electricity only, where the chemical production system is mainly used to
consume the surplus electricity in a thermal power plant. In this way, the operations of
the two systems are practically independent. In fact, coupling the two systems results in
greater energy conservation, a reduction in emissions as well as economic and operational
benefits. In addition, in such integrated systems, the chemical production system is usually
designed on the basis of fixed operating conditions in terms of thermal power units, and
little attention is paid to the design and operational characteristics of such integrated
systems under variable operating conditions.

To address these problems, both an integrated system of thermal power units and a
coal-to-hydrogen system coupled through electricity, steam and devices, etc., were con-
structed, and the effects of coupling the two systems in terms of energy conservation and
material utilization as well as improvements in economic and operational benefits were
explored. Additionally, with the consideration of the three typical non-nominal operating
states of thermal power units, a multiperiod optimization model for the integrated system
was established and solved to determine optimal design and operation schemes, so that the
design and operation characteristics of the integrated system could be studied in the context
of variable operating conditions. The superiority of the integrated system compared to the
independent systems was studied and the results are is expected to provide the necessary
methodological guidance for the integration and optimization of coal-fired power plants
and CtH systems.

2. Problem Statement

Figure 1 shows the integrated scheme of the thermal power plant and CtH system
under non-nominal operational conditions, where the two systems are integrated via heat,
steam and electricity. As shown in Figure 1, the feedstock coal enters the thermal power
plant boiler and the CtH gasifier. HP steam produced in the boiler enters the thermal power
units to generate electricity. MP steam is extracted from the thermal power units and is
offered to the gasification and water gas shift sections of the CtH system, according to
the demand for peak shaving. If the extracted MP steam is greater than the demand for
the CtH process, the surplus can be sold directly. Meanwhile, the thermal power plant
provides low-cost electricity to the CtH process under the condition of meeting the grid
load demand. Since the required MP steam in the CtH system is satisfied by the thermal
power units, the high-temperature waste heat generated in the CtH system can thus be
used to produce HP steam, with this being sold together with the hydrogen. Finally, the
boiler water consumed and the insufficient MP steam required in the CtH system can be
externally purchased.

Note that in this work, the thermal power units are assumed to operate in a multi-
period condition according to the peak shaving demand of the power grid and the boiler
is assumed to keep operating at full load in order to provided sufficient steam for the
integrated system.

In this work, the primary design problem associated with the integrated system of a
CtH system and thermal power units with variable operating conditions can be stated as
follows: given there are (1) multiperiod operation parameters in terms of the thermal power
plant, (2) cost parameters in terms of feedstock, hydrogen, steam and operational units and
(3) a peak shaving demand, the aim is to determine the optimal design and operational
scheme for the CtH system, including the optimal capacity allocation of the CtH system,
the distribution of raw coal, steam, water and electricity and hydrogen production capacity
in each period, in order to maximize the total profit of the integrated system.
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Figure 1. An integrated scheme of a thermal power plant and CtH system. 

In this work, the primary design problem associated with the integrated system of a 
CtH system and thermal power units with variable operating conditions can be stated as 
follows: given there are (1) multiperiod operation parameters in terms of the thermal 
power plant, (2) cost parameters in terms of feedstock, hydrogen, steam and operational 
units and (3) a peak shaving demand, the aim is to determine the optimal design and 
operational scheme for the CtH system, including the optimal capacity allocation of the 
CtH system, the distribution of raw coal, steam, water and electricity and hydrogen pro-
duction capacity in each period, in order to maximize the total profit of the integrated 
system. 

3. Mathematical Optimization Model of the Integrated System 
3.1. Objective Function 

The objective function is to maximize the annual profit (PRO) of the whole system, 
which is equal to the difference between the total revenue of the system and the total ex-
penditure, as presented in Equation (1). 

2
max  ele MPS HPS H coal water cap copPRO R R R R C C C C= + + + − − − − , (1)

where Rele, RMPS, RHPS and RH2 are the sale revenue in terms of electricity, MP steam, HP 
steam and hydrogen, respectivel; Ccoal and Cwater are the costs of coal and water; and Ccap 
and Ccop are the annualized capital cost of the CtH system and the total operating cost of 
the integrated system. 

The electricity revenue is related to the peak load of the power grid, which can be 
expressed as 

,
ele ele

ele net p p
P

R c W T=  , (2)

where cele is the price of electricity and 
,

ele
net pW is the power input to the grid by the thermal 

power units in period p. 
The sale revenue in terms of MP steam, HP steam and hydrogen can be calculated as 

MPS MPS
MPS P

p
R c S=  , (3)

HPS HPS
HPS P

p
R c S=  , (4)
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3. Mathematical Optimization Model of the Integrated System
3.1. Objective Function

The objective function is to maximize the annual profit (PRO) of the whole system,
which is equal to the difference between the total revenue of the system and the total
expenditure, as presented in Equation (1).

max PRO = Rele + RMPS + RHPS + RH2 − Ccoal − Cwater − Ccap − Ccop, (1)

where Rele, RMPS, RHPS and RH2 are the sale revenue in terms of electricity, MP steam, HP
steam and hydrogen, respectivel; Ccoal and Cwater are the costs of coal and water; and Ccap
and Ccop are the annualized capital cost of the CtH system and the total operating cost of
the integrated system.

The electricity revenue is related to the peak load of the power grid, which can be
expressed as

Rele = cele∑
P

Wele
net,pTp, (2)

where cele is the price of electricity and Wele
net,p is the power input to the grid by the thermal

power units in period p.
The sale revenue in terms of MP steam, HP steam and hydrogen can be calculated as

RMPS = cMPS∑
p

SMPS
P , (3)

RHPS = cHPS∑
p

SHPS
P , (4)

RH2 = cH2∑
p

SH2
P , (5)

where cMPS, cHPS and cH2 are the prices of MP steam, HP steam and hydrogen, respectively
and SMPS

P , SHPS
P and SH2

P are the amount of sold MP steam, HP steam and hydrogen in
period p.

The costs of feedstock coal and water, ccoal and cwater, can be calculated as

Ccoal = ccoal∑
p

Mcoal
P , (6)

Cwater = cwater∑
p

Mwater
P , (7)
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where Mcoal
P and Mwater

P are the demands for coal and water in the p-th period, respectively.
The capital cost of the operation units in the CtH system can be calculated via the

index factor method [25].

Ccap = A f · ∑
u
(1 + IC)(1 + BOP)C0,u

max
(

Su,p

)
S0,u

s fu

, (8)

where, Af is the annualized factor; BOP and IC are the cost factors related to device
installation and indirect costs, which are assumed to be 0.32 and 0.2, respectively [25]; C0,u
is the base cost of each operation unit and S0,u is the base case flow; Su,p is the cost flow;
and sf is the scaling factor.

The operating cost, Ccop, of the system is associated with the total utilities, such as
cooling and heating utilities, as well as the electricity consumed in the system.

Cop =
p

∑
i=1

Qcu,pccu +
p

∑
i=1

Qhu,pchu +
p

∑
i=1

Eele,pcele, (9)

where Qcu,p, Qhu,p and Eele,p are the amount of cooling utility, heating utility and elec-

tricity consumed in the p-th period and ccu and chu are the prices in terms of cooling and
heating utilities.

3.2. Constraints

(1) Mass balance of MP steam

The MP steam extracted from the thermal power units can be input to the CtH system
or be sold directly, which is expressed as

MMPS
tur,p = MMPS

CtH,p + SMPS
p , (10)

where MMPS
tur,p is the amount of MP steam extracted from the thermal power units; MMPS

CtH,p is

the amount of MP steam input to the CtH system and SMPS
P is the amount of MP steam sold.

The amount of steam extracted from the thermal power units should be less than that
generated in the boiler, MS

tot,p, which can be formulated as

MMPS
tur,p ≤ MS

tot,p, (11)

(2) Mass balance of boiler water

Water is purchased externally and used to compensate for the reduction in water due
to steam extraction and sales, which can be expressed as

Mwater
p = SHPS

P + MMPS
tur,p , (12)

(3) Mass balance of raw coal

The total amount of coal entering the system, Mcoal
P , is equal to the sum of the amount

of coal entering the boiler, Mcoal
boil,P and the gasifier, Mcoal

CtH,P.

Mcoal
P = Mcoal

boil,P + Mcoal
CtH,P, (13)

(4) Power balance

In each period, the power generated by thermal power units, Wele
tub,p, can be allocated

to the CtH system, Wele
H2,p, and the grid, Wele

net,p.

Wele
turb,p = Wele

net,p + Wele
H2,p, (14)
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where the power input to the grid is determined by the peak shaving requirement,

Wele
net,p = ηpWmax, (15)

where ηp is grid peaking power factor and Wmax is the full load power of thermal power plant.
The electricity consumed in CtH system is expressed as

Wele
H2,p = Wele

AUS,p + Wele
COMP,p + Wele

Re f g,p, (16)

where Wele
AUS,p, Wele

COMP,p and Wele
Re f g,p are the electricity consumed by the air separation unit,

compressors and low temperature refrigeration unit, respectively.
Since the boiler is assumed to be in full-load operation, the amount of steam generated

is constant and determined by the given amount of coal. For thermal power units, the
extraction of MP steam does not affect the power generation of the high-pressure turbine.
Therefore, the output power of the turbine can be related to the coal consumption of the
boiler, as presented in Equation (17)

Wele
turb,p = Wele

HPtur + λtur
(

Ms
tot,p − MMPS

tur,p

)
, (17)

where λtur is the relationship coefficient that can be obtained through multiple simulations.
A detailed simulation can be found in Appendix A.

(5) Constraints terms of cost and material flows in the CtH system

To simplify the calculations, the relationships between the parameters and the amount
of feedstock coal in the CtH system should be first determined. To this end, a detailed
simulation of the CtH system is first performed under steady–state conditions, where
the reaction process reaches equilibrium and the degree of separation remains constant,
as can be found in Appendix A. The quantitative relationship between the cost flows,
the hydrogen production, the electricity consumption, the amount of HP steam and MP
steam and the amount of feedstock coal, MMPS

CtH,p, is then determined through polynomial
regression according to the sensitivity analysis of the simulation process, as shown in
Equation (18). {

f = kMcoal
CtH,P

f = Su,p, SH2
P , Wele

H2,p, SHPS
P , MMPS

CtH,p
, (18)

where k stands for the regression coefficient.
Thus, the solution procedure of this work can be summarized as follows: An integrated

scheme of thermal power units and a coal-to-hydrogen system was first constructed. Then,
the integrated system was simulated under three typical non-nominal operation states in
terms of thermal power units to quantitatively relate the cost flows, hydrogen production,
electricity consumption and amount of steam to the amount of feedstock coal in the CtH
system, as presented in Equation (18). In what follows, a multi-period optimization model
was established by taking the maximum annual profit (PRO) of the whole system as the
objective function and the energy balances, mass balances and operational constraints of
the integrated system as the constraints. Finally, by solving this model, an optimal design
for a coal-to-hydrogen system that enables it to adapt to the three non-nominal operation
states (corresponding to three operating periods) was determined. The output of the model
includes the required amounts of coal and MP steam, the production of hydrogen and HP
steam in each period as well as the total annual profit of the whole system.

4. Case Study
4.1. Fundamental Data

In this section, the thermal power units from an actual 330 MW thermal power plant
in China were applied to verify the effectiveness of the proposed method. Table 1 shows
the fundamental data of coal in the power plant. It was known that under the nominal
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load, the coal input to the boiler was 122 t/h and the amount of HP steam generated was
916.6 t/h. Thermal power plant was assumed to operate in the three periods during its
participation in peak shaving, where the electricity input to the grid was 75% of the full load
from January to March, 40% from April to September and 60% from October to December.

Table 1. Industrial and elemental analysis of coal.

Industrial Analysis/% Elemental Analysis/% LHV MJ/kg

Mt Aar VM FC C H N S O
23.0078.5 18.3 30.7 51 58 4.0 1.0 1.0 11.5

Other computational parameters included: the cost of the electricity input to grid,
which was 0.1492 $/kWh; the cost of coal and hydrogen were 223 $/t and 2.238 $/kg; the
costs of MP steam and HP steam were 32.8 $/t and 38.7 $/t; and the price of water was
0.6109 $/t. All these parameters were determined according to their market price in China.
The capital cost parameters of each operational unit in the CtH system are summarized in
Table 2. The regression coefficients of the relevant parameters in the CtH system are listed
in Table 3.

Table 2. Cost parameters in the CtH system [25].

Unit Co,u(MM$) Sref,u sfu Cost Flow Basis

Coal mill 50.43 161.7 0.65 Coal feed (kg/s)
Coal gasifier 51.2 17.94 0.7 Coal feed (kg/s)
Compressor 6.93 10 0.67 Power (MW)

Forward shift reactor 3.47 150 0.67 Feed (kg/s)
Rectisol CO2 removal unit 29.77 2.51 0.63 Feed gas (kmol/s)

PSA 7.38 0.29 0.65 Purge gas (kmol/s)
Refrigerator 1.19 0.7 0.7 Heat removed (MW)

ASU 130.77 145 0.5 O2 feed (kg/s)

Table 3. Regression coefficients of the parameters in the CtH system.

Parameters k

Su,p

Coal mill 0.2778
Coal gasifier 0.2778
Compressor 0.0711

Forward shift reactor 0.9952
Rectisol CO2 removal unit 0.0333

PSA 0.0197
Refrigerator 0.0594

ASU 0.1521

SH2
P H2 production 0.1433

Wele
H2,p Power requirement 0.2745

SHPS
P HP steam output 2.0512

MMPS
CtH,p MP steam requirement 1.8601

Note that the optimization model determined by Equations (1)–(18) is a nonlinear
programming (NLP) model. The General Algebraic Modeling System (GAMS) platform
was used to solve the model with BARON as the solver.

4.2. Design Characteristics of the Integrated System

By solving the multi-period optimization model proposed in this work, an optimal
design scheme of the CtH system was obtained. According to the results, the hydrogen
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production is 268,494 t/y and the total coal consumption is 2,943,141 t/y, with the maximum
profit being 226.54 MM$. Figure 2 provides cost breakdown of the whole system.

Processes 2022, 10, x FOR PEER REVIEW 8 of 16 
 

 

2H
PS  H2 production 0.1433 

2 ,
ele

H pW  Power requirement 0.2745 
HPS
PS  HP steam output 2.0512 

,
MPS
CtH pM  MP steam requirement 1.8601 

Note that the optimization model determined by Equations (1)–(18) is a nonlinear 
programming (NLP) model. The General Algebraic Modeling System (GAMS) platform 
was used to solve the model with BARON as the solver. 

4.2. Design Characteristics of the Integrated System 
By solving the multi-period optimization model proposed in this work, an optimal 

design scheme of the CtH system was obtained. According to the results, the hydrogen 
production is 268,494 t/y and the total coal consumption is 2,943,141 t/y, with the maxi-
mum profit being 226.54 MM$. Figure 2 provides cost breakdown of the whole system. 

-800

-600

-400

-200

0

200

400

600

800

Rsteam RH2

Co
st(

M
M

$)

Rele

CcapCwaterCcoal

 
Figure 2. Breakdown of the costs of the integrated system. 

It can be seen from Figure 2 that the main revenue of the integrated system comes 
from the sale of hydrogen, which is 601.17 MM$, accounting for 60.3% of the total revenue. 
The sale of electricity to the grid is in the second place, at 222.54 MM$. At the same time, 
the sale of HP steam produced by waste heat during the CtH process results in a benefit 
of 148.8 MM$. The results in Figure 2 also show that the purchase cost of raw coal is 656.35 
MM$, accounting for more than 90% of the total cost. The coal price used is at a high level, 
223 $/t, due to environmental protections and economic requirements. The annual capital 
cost of the CtH system is 54.12 MM$, and the make-up water is the lowest factor in terms 
of costs. It is worth noting that the operating cost of the integrated system, including heat-
ing and cooling utilities and electricity, is zero. This is because, the integrated system does 
not require heating utilities. Besides, the electricity required in the CtH process is entirely 
provided by thermal power units, and the required cooling water is provided by the cool-
ing system of the thermal power units. 

  

Figure 2. Breakdown of the costs of the integrated system.

It can be seen from Figure 2 that the main revenue of the integrated system comes
from the sale of hydrogen, which is 601.17 MM$, accounting for 60.3% of the total revenue.
The sale of electricity to the grid is in the second place, at 222.54 MM$. At the same time,
the sale of HP steam produced by waste heat during the CtH process results in a benefit
of 148.8 MM$. The results in Figure 2 also show that the purchase cost of raw coal is
656.35 MM$, accounting for more than 90% of the total cost. The coal price used is at a high
level, 223 $/t, due to environmental protections and economic requirements. The annual
capital cost of the CtH system is 54.12 MM$, and the make-up water is the lowest factor in
terms of costs. It is worth noting that the operating cost of the integrated system, including
heating and cooling utilities and electricity, is zero. This is because, the integrated system
does not require heating utilities. Besides, the electricity required in the CtH process is
entirely provided by thermal power units, and the required cooling water is provided by
the cooling system of the thermal power units.

4.3. Operation Characteristics of the Integrated System

Table 4 provides a multi-period operational scheme of the integrated system. Accord-
ing to the peak shaving demand, the thermal power units operate in the three periods with
loads of 75%, 40% and 60% and with durations of 2190 h, 4380 h and 2190 h, respectively.
Considering that the boiler in the thermal power plant keeps operating in full-load state,
the total coal consumption is fixed at 1,068,720 t/y. The on-grid load of the power plant is
1,492,704 MWh determined by the given demand of peak shaving.
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Table 4. Multi-period operating parameters of the integrated system.

Period P1 P2 P3 Total/t

Coal to boil
Total (t) 267,180 534,360 267,180

1,068,720Rate (t/h) 122 122 122

Coal to CtH system Total (t) 270,903 1,193,112 410,406
1,874,421Rate (t/h) 123.7 272.4 187.4

Electricity to net Total (MWh) 520,782 555,384 416,538
1,492,704Rate (MW) 237.8 126.8 190.2

Electricity to CtH system Total (MWh) 742,41 327,624 112,566
514,431Rate (MW) 33.9 74.8 51.4

MP steam to CtH system Total (t) 503,919 2,216,718 763,434
3,484,071Rate (t/h) 230.1 506.7 348.6

MP steam output Total (t) 0 0 0
0Rate (t/h) 0 0 0

HP steam output Total (t) 555,603 2,447,544 841,836
3,844,983Rate (t/h) 253.7 558.8 384.4

H2 production Total (t) 38,763 170,820 58,911 268,494

It can be seen in Table 4 that the total coal consumption of the CtH process is
1,874,421 t/y, where period 2 consumes the most, followed by period 3, with period 1
consuming the least. The total amount of steam generated by the thermal power plant is
916.6 t/h, and the on-grid load of the thermal power units is 40% in period 2, 60% in period
3 and 75% in period 1. It can be seen that the trend in terms of coal consumption in the
CtH system is exactly opposite to that of the on-grid load of the thermal power units. This
means the smaller the on-grid load of the thermal power units is, the more coal will be fed
to the CtH system. The smaller the on-grid load of thermal power units is, the less steam
will be consumed and the greater the amount of MP steam provided to the CtH system
will be.

As shown in Table 4, when the on-grid load reaches the lowest—40% of the nominal
load in period 2, the amount of MP steam extracted from the thermal power units is as high
as 506.7 t/h. In this case, the capacities of the gasification and water gas shift processes
in CtH system increase significantly and the coal consumption of the system reaches its
maximum. As a result, the hydrogen production and power consumption of the CtH
system, as well as the HP steam generated by it, reach their maximum. In this period, the
amount of hydrogen production is 39 t/h, the by-product HP steam is 558.8 t/h and the
power consumption is 74.8 MW. The total amount of hydrogen produced is 268,494 t/y
and the HP steam is 3,844,983 t/y, with a total power consumption of 514,431 MWh.

The results in Table 4 also show that, in all periods, the MP steam extracted from the
thermal power units is allocated to the CtH system without being sold and the maximal
flow rate of 506.7 t/h is reached in period 2. Since the amount of MP steam extracted from
the thermal power units is closely related to the on-grid load and the power consumption
of the CtH system, the distribution of steam is also considered the best trade-off between
the revenue and capital costs of the system.

4.4. Further Discussion

To verify the superiority of the integrated system proposed in this work in terms of
its economy and operation, in this section, a comprehensive comparison of the integrated
system and the independent systems was conducted. The results are summarized in
Tables 5 and 6. Note that to unify the basis of comparison, the on-grid electricity load and
the hydrogen production were the same in both the integrated system and the independent
systems in the following two scenarios.
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Table 5. Comparison of the integrated system and independent systems under fixed conditions.

Condition 75%THA 60%THA 40%THA

System Thermal
power plant CtH Integrated

system
Thermal

power plant CtH Integrated
system

Thermal
power plant CtH Integrated

system

Boiler load 75% / 100% 60% / 100% 40% / 100%

Power generator
load 75% / 82.3% 60% / 73.2% 40% / 61.1%

Coal
consumption (t) 801,540 1,083,612 2,152,332 641,232 1,641,624 2,710,344 427,488 2,386,224 3,454,944

Water
consumption (t) 687 0 4,238,725 549.6 0 6,421,497 366.4 0 9,334,112

MP steam
consumption (t) 0 2,015,626 2,015,626 0 3,053,585 3,053,585 0 4,438,615 4,438,615

H2 production (t) / 155,052 155,052 / 235,644 235,644 / 341,640 341,640

HP steam output
(t) / 0 2,222,412 / 0 3,367,344 / 0 4,895,088

Profit (MM$) 131.36 18.04 176.32 105.04 69.40 213.28 70.02 144.42 258.60

Table 6. Comparison between the proposed integration system and independent systems.

System Proposed Integrated System Thermal Power Plant CtH System

Boil load 100%/100%/100% 75%/40%/60% 0
Power generator load 82.3%/61.1%/73.2% 75%/40%/60% 0
Coal consumption (t) 2,943,141 574,437 1,874,421

H2 production (t) 268,494 0 268,494
HP steam output (t) 3,844,983 0 0

Profit (MM$) 226.54 105.4 94.08
Hydrogen production cost

($/tH2) 11,204.11 - 12,620.51

4.4.1. Scenario 1: The Operating Condition of the Thermal Power Units Is Fixed

It can be seen that for the given operating condition of the thermal power plant, both
the boiler and thermal power units operate in a non-nominal state, which greatly reduces
the life and the utilization efficiency of the devices. In contrast, the integrated system
can maintain the full-load operation of the boiler and increase the utilization efficiency
of thermal power units, thereby reducing the wear and tear of the devices. According to
Table 5, under a 40% turbine heat acceptance (THA) operation condition, the utilization
efficiency of thermal power units increases from 40% to 61.1%, which effectively prevents
the thermal power units operating at the minimum load for an extended period.

In addition, the integrated system is superior compared to the independent CtH
system. Firstly, an independent CtH system can achieve a certain degree of self-sufficiency
in terms of MP steam on the basis of internal heat integration, but the surplus waste heat
can only be used to generate electricity to satisfy a portion of the power demand. In other
words, even though the process waste heat can be fully used within the system, the system
still requires high-priced MP steam and industrial electricity to be purchased externally [26].
By contrast, in the integrated system, both the MP steam and the electricity required in the
CtH system can be provided by the thermal power plant, and the waste heat in the CtH
system can further generate HP steam for sale. In this way, the capital costs of the MP steam
and electricity are reduced, and additional revenue is created by selling high-level HP
steam. Note that in the integrated system, the coal consumption is larger than the sum of
that in the two separated systems. This is because, for the given peaking shaving demand,
the thermal power plant in the integrated system will not only provide on-grid power but
also supply low-cost electricity and MP steam to the CtH system. In this way, the total
output power and amount of MP steam of the thermal power plant increases, leading to an
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increase in the coal consumption. However, in separated systems, electricity and MP steam
are purchased externally, which is costly. For all that, only the surplus steam and electricity
in the thermal power plant are allocated to the CtH system for hydrogen production. The
results in Table 5 show that the profit of the integrated system is about 20% higher than the
sum of the profits of the independent thermal power plant and CtH systems.

4.4.2. Scenario 2: The Operating Condition of the Thermal Power Plant Is Variable

Table 6 provides a comparison of the results obtained by the independent systems
and the integrated system under variable operating conditions. It can be seen that, in spite
of the advantages in improving the utilization efficiency of the thermal power units, the
integrated system reduces the cost of hydrogen production by 11.22% and increases the
profits by 13.56%, when compared with the independent systems. In addition, it should
be noted that in the design scheme of the integrated system, the two systems are mainly
coupled via the power network and the steam pipelines, which are simple, flexible and
controllable. Especially when compared with the heat integration of process streams, the
proposed integrated scheme will have only a minor influence on the power generation
process of thermal power units and the production process of the CtH system.

5. Conclusions

To counter the problems of low utilization efficiency and a reduction in benefits in the
context of thermal power plants caused by their participation in power grid peak shaving,
an optimal design method for an integrated system of a CtH and thermal power units
under non-nominal conditions is proposed. Aiming to improve the benefits of the system
and the utilization efficiency of thermal power units, the mathematical optimization model
was developed and the application of the proposed method was verified via a case study
of a practical industrial plant. The following conclusions can be drawn.

(1) The operation of the CtH system is closely related to the on-grid load of thermal
power units, and the capacity of the CtH system is inversely proportional to the on-grid
load of thermal power units.

(2) The total profit of the integrated system is 226.54 MM$, where 60.3% comes from
the sale of hydrogen, and the main cost of the system is attributed to the purchase cost of
raw coal, which accounts for 91.8% of the total cost.

(3) Compared with independent systems, the integrated system can maintain the
full-load operation of the boiler and increase the utilization efficiency of thermal power
units, thereby reducing the wear and tear of devices.

(4) In addition to increasing the fixed on-grid power revenue, the integrated system
can also produce hydrogen and generate additional HP steam. The profit of the integrated
system is approximately 20% higher than the sum of the profits of independent systems
under fixed operating conditions and is approximately 13.56% higher under the variable
non-nominal operating conditions.

(5) Since the thermal power units and CtH systems are integrated via the power
network and steam pipelines rather than employing internal heat integration, the proposed
integrated scheme will have only a minor influence on the power generation process of the
thermal power units and the production process of the CtH system.

In the context of carbon neutrality, our future work will primarily focus on the quantita-
tive analysis of the CO2 flows of the integrated system and the techno-economic evaluation
of the coupling of the integrated system in terms of CO2 capture, utilization and storage
(CCUS) units.
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Appendix A Simulation of CtH

Figure A1 provides the simulation scheme of the CtH, where a coal gasification unit, a
water gas shift unit, a rectisol CO2 removal unit and a pressure swing adsorption (PSA) unit
are included. Considering that coal is an unconventional component, its thermal decompo-
sition section is modeled with the RYield block in Aspen plus. The model selection of the
rest units is summarized in Table A1, and the simulation results are given in Table A2. Since
this process involves weak polar and non-polar mixtures, the PR-BM property method [27]
is adopted in coal gasification and water gas shift sections, and PSRK is used in the Rectisol
CO2 removal section [28].The assumptions used in the simulations include:

(1) all the reactions involved in the system have reached reaction equilibrium and phase
equilibrium;

(2) the gas and solid phases are separated completely, and the separation process occurs
instantaneously;

(3) the pressure drops of all the operation units are ignored.
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Figure A1. CtH process.

Table A1. Models and parameters adopted in the CtH simulation process.

Process Name Aspen Model Operating Condition

Gasification

R-1 RYield Operating pressure: 3 MPa; operating temperature: 700 ◦C
R-2 RGibbs Operating pressure: 3 MPa; operating temperature:1400 ◦C
SEP Ssplit Splitting rate: 1
H-1 Heater Cool to the target temperature
C-1 Compr Discharge pressure: 6.2 MPa; η isentropic: 0.85

Water gas shift

MIX Mixer -
R-3 REquil Operating pressure: 6.2 MPa; heat loss: 0 MW
H-2 Heater Cool to the target temperature
R-4 REquil Operating pressure: 6.05 MPa; heat loss: 0 MW
H-3 Heater Cool to the target temperature
R-5 REquil Operating pressure: 5.94 MPa; heat loss: 0 MW

Rectisol CO2 removal unit

V-1 Valve Discharge pressure: 3.45 MPa
H-4 Heater Cool to the target temperature

FLASH Flash Operating pressure: 3.45 MPa; operating temperature: 30 ◦C
H-5 Heater Cool to the target temperature

SEP-1 Sep CO2 split fraction:0.97

PSA
H-6 Heater Heat to the target temperature

SEP-2 Sep H2 split fraction: 0.995
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Table A2. Simulate Stream Results.

Stream T/◦C P/MPa Mass Flow/kg·h−1 Stream T/◦C P/MPa Mass Flow/kg·h−1

1 25 0.1 68,000 16 0 0 0
2 700 3 68,000 17 240.4 5.94 219,876
3 300 4.75 1531.29 18 0 0 0
4 150 3.85 37,228.7 19 245.2 5.94 219,876
5 1400 3 106,760 20 237.8 3.45 219,876
6 1400 3 11,007.9 21 30 3.45 219,876
7 1400 3 95,752.1 22 30 3.45 67,114.3
8 164 3 95,752.1 23 30 3.45 152,761
9 280 6.2 95,752.1 24 −21 3.3 152,761

10 280 6.2 124,124 25 −21 3.3 142,353
11 263.1 6.2 219,876 26 −21 3.3 10,408.8
12 0 0 0 27 25 3.3 10,408.8
13 487 6.2 219,876 28 25 3.3 10,397
14 264.9 6.05 219,876 29 25 3.3 29.83
15 299.4 6.05 219,876

The simulation results were compared with those in the literature, as shown in
Tables A3 and A4. Table A3 shows the gas composition at the outlet of a coal gasifica-
tion unit, and Table A4 presents the temperatures, pressures and the CO conversion rate
of the three-stage adiabatic conversion process in a water gas shift unit. It can be seen
that the relative errors between the simulation results and those reported in the literature
are less than 5%, indicating the effectiveness and reliability of the simulations. Note that
the content of CO2 in Table A3 is relatively large because of the higher carbon content in
feedstock coal.

Table A3. Validation of simulation results of gasification.

Mole Fraction %

CO H2 CO2 CH4 H2S
Song et al.

[29] 62.72 30.27 1.39 0.04 1.12

This work 60.41 31.59 1.48 0.04 1.17
Error % 3.68 4.36 6.47 0 4.46

Table A4. Validation of water gas shift.

Item Reactor 1 Reactor 2 Reactor 3 Conversion
Rate of CO %

T/◦C
Wang et al. [26] 280.0 447.5 264.9 298.1 240.4 246.2

This work 278.8 487.5 264.9 294.2 240.4 243.8

P/MPa
Wang et al. [26] 6.20 6.05 5.94 97.89

This work 6.20 6.05 5.94 98.78

Figure A2 shows the simulation scheme of 330 MW thermal power units, and the
models and parameters adopted in the simulation are summarized in Table A5. Since only
water/steam is used in this process, the STEAMNBS property method was selected for the
simulation. Table A6 shows a comparison of the simulation results with those in an actual
plant. It can be seen that the relative error between the simulation results and original
results are for the most part less than 5%, indicating the reliability and effectiveness of
the simulations.
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Figure A2. Thermal power units process.

Table A5. Models and parameters adopted in the thermal power unit simulation process.

Name Aspen Model Operating Condition

BOILER Heater Operating pressure: 17.77 MPa; operating
temperature: 546.6 ◦C

RH Heater Operating pressure: 3.89 MPa; operating
temperature: 548.6 ◦C

HP1~2/IP3~6/LP 7~8 Compr/Turbine η isentropic:0.91
SP 2~8 Fsplit Turbine extraction

HT/PW/PPWMIX Mixer Power and heat generated during operation
COOLER Heater Operating temperature: 33 ◦C, gas fraction: 0

CP Pump Operating pressure: 1.74 MPa, η isentropic: 0.83
FP Pump Operating pressure: 17.7 MPa, η isentropic: 0.83

HR2~3/H5~8 Hierarchy/Heater Heat to the target temperature

Table A6. Verification of simulation results of thermal power units.

Item
Temperature/◦C

Error /% Item
Temperature/◦C

Error /% Item
Temperature/◦C

Error /%
Simulation Original Simulation Original Simulation Original

FW1 254.56 254.77 0.08 SP1OUT 324.71 328.46 1.14 DR2 204.75 215.39 4.94

FW3 208.32 210.17 0.88 SP3OUT 449.61 463.51 2.99 DR3 183.52 192.38 4.61

FW4 179.01 178.94 0.04 SP4OUT 338.65 336.52 0.63 DR4 175.23 179.09 2.16

FW5 149.21 148.62 0.40 SP5OUT 233.03 269.64 13.58 DR5 117.58 117.97 0.33

FW6 100.52 101.23 0.70 SP6OUT 127.16 136.29 6.70 DR6 88.36 90.23 2.07

FW7 82.61 84.29 1.99 SP7OUT 87.37 85.72 1.92 DR7 78.30 74.85 4.61

FW8 59.89 64.62 7.32 SP8OUT 63.22 64.59 2.12 - - - -
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