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Abstract: As the main contributor of carbon emissions, the low-carbon transition of the industrial
sector is important for achieving the goal of carbon dioxide peaking. Hydrogen-enabled industrial
energy systems (HIESs) are a promising way to achieve the low-carbon transition of industrial energy
systems, since the hydrogen can be well coordinated with renewable energy sources and satisfy the
high and continuous industrial energy demand. In this paper, the long-term capacity expansion
planning problem of the HIES is formulated from the perspective of industrial parks, and the targets
of carbon dioxide peaking and the gradual decommissioning of existing equipment are considered
as constraints. The results show that the targets of carbon dioxide peaking before different years or
with different emission reduction targets can be achieved through the developed method, while the
economic performance is ensured to some extent. Meanwhile, the overall cost of the strategy based
on purchasing emission allowance is three times more than the cost of the strategy obtained by the
developed method, while the emissions of the two strategies are same. In addition, long-term carbon
reduction policies and optimistic expectations for new energy technologies will help industrial parks
build more new energy equipment for clean transformation.

Keywords: capacity expansion planning; carbon dioxide peaking; low-carbon transition; hydrogen-
enabled industrial energy system; mixed-integer linear programming

1. Introduction

To alleviate environmental issues such as global warming, which are caused by carbon
emissions, the national strategic goal of “carbon emission peaking and neutrality” has
been proposed by the Chinese government. Since the industrial sector accounts for 40%
of global carbon emissions [1], reducing industrial emissions is important for achieving
the environmental targets. However, the low-carbon transition of the industrial sector is
difficult since the high and continuous industrial energy demand, including high-grade
heating energy, is difficult to satisfy by the uncertain and volatile renewable energy indepen-
dently. Meanwhile, hydrogen can be converted to electrical and high-grade heating energy
through solid oxide fuel cells (SOFCs) without emissions, and can be well coordinated with
renewable energy sources for meeting the energy demand [2]. Thus, hydrogen integrated
into industrial energy systems may make a great contribution to the low-carbon transition
of industrial energy systems.

Recently, many efforts have been made in hydrogen-enabled low-carbon transition of
industrial energy systems. Wang et al. [3] evaluated the thermal and emission performances
of a large-scale industrial steam boiler fueled with hydrogen-enriched natural gas. Chang
et al. [4] evaluated the carbon emissions impact of different hydrogen production paths on
hydrogen metallurgy. Lin et al. [5] proposed an industrial-park-integrated energy system
with hydrogen energy industry chain.
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As indicated in the above publications, hydrogen can play an important role in the low-
carbon transition of industrial energy systems. To our best knowledge, most existing studies
focus on the industrial emissions reduction impact of hydrogen, without considering factors
on long time scales such as production increases, capacity expansion, and equipment
retirement. These factors may have an unknown impact on whether carbon dioxide peaking
could be achieved. Meanwhile, since the prices of hydrogen and SOFCs are still high today,
the long-term economic benefit of the hydrogen-enabled industrial energy system (HIES)
is not optimistic to achieve carbon dioxide peaking. It means that the role of HIESs in the
carbon dioxide peaking of industrial parks remains an open question in general.

To investigate the role of HIESs in the carbon dioxide peaking of industrial parks, we
develop a capacity expansion planning problem of the HIES. In this problem, the energy
supply of the industrial park depends on the coal-driven energy system (CES) initially. With
the low-carbon transition of the energy structure, the capacity of the HIES expands year by year.
Through the supply–demand coordination and the flexible scheduling of the multi-energy
storage, the integrated energy efficiency and the utilization efficiency of the renewable energy
can be improved. Thus, the carbon dioxide peaking can be achieved and the economic benefit
can be ensured to some extent. This study provides a long-term low-carbon transition strategy
by using the HIES replacing the conventional CES, and evaluates the long-term economics and
environmental benefits obtained by the strategy. It overcomes the shortcomings of existing
studies that only investigated the emission reduction potential from short-term low-carbon
options, which are far from achieving the national carbon dioxide peaking target.

The rest of this paper is organized as follows. The capacity expansion problem
is formulated in Section 2. In Section 3, the Pettitt test is introduced to constrain the
carbon dioxide peaking trend. In Section 4, the performance of the developed method is
demonstrated using numerical case studies, and we give a brief conclusion in Section 5.

2. Problem Formulation

This paper focuses on the long-term capacity expansion planning problem of the HIES
for low-carbon transition of the energy structure to achieve the carbon dioxide peaking. As
shown in Figure 1, the energy system of the industrial park includes one HIES, one CES,
distributed power grid, and hydrogen market to jointly meet the electrical and heating
energy demand. The HIES consists of one hydrogen storage tank (HS), one SOFC, one
electrolyzer (EL), one back-pressure turbine (BPT), one heating energy storage (HES), one
heat exchanger (HEX), and photovoltaic (PV) panels. The CES consists of one coal-fired
generator (CG), one coal-fired boiler (CB), and one HEX. The CES is assumed to have been
installed and operating for several years and will be retired in a few years. The planning
horizon is discretized into totally K years, and each year is discretized into totally T stages.
The objective function is to minimize the total cost over planing horizon, which includes
annual capital expenditure ue

k and operation cost ok, as shown in

min J =
K

∑
k=1

(
1

(1 + i)k (∑
e∈E

ue
k + ok)),

e ∈ {SOFC, BPT, EL, HES, HS, PV, TF},

(1)

ue
k =

i(1 + i)Le

(1 + i)Le − 1

k

∑
k0=1

(λe
k0

Ze
k0,kwe

k0
), (2)

ok =
T

∑
t=1

(λG
k,t pG

k,t + λh
k mB

k,t + λC
k mC

k,t − λU
k pU

k,t), (3)

where k is the index of years, t is the index of time periods, and E is the set of equipment.
i is the interest rate. Le is the life time of equipment e. λe

k0
is the unit price of equipment

e which is invested in year k0. Ze
k0,k is the retired state of the equipment e in k which is

invested in k0; it equals 1 if it is not retired, and 0 otherwise. we
k0

is the capacity expansion
of equipment e in k0. λG

k,t, λh
k , and λC

k are the unit time-of-use power price, hydrogen
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price, and coal price, respectively. pG
k,t, mB

k,t, and mC
k,t are the electricity, hydrogen, and coal

purchased from the market, respectively. λU
k and pU

k,t are the selling price of electricity and
power fed into the grid.

Figure 1. The industrial energy system, including HIES and CES.

2.1. Capacity Expansion and Retirement

Constraints of capacity expansion and retirement are shown in (4)–(8).

P̄e0
k = Ze0

0,k P̄e0
0 +

k

∑
k0=1

(Ze0
k0,kwe0

k ),

e0 ∈ {SOFC, BPT, EL, PV, TF}
(4)

ḠHES
k = ZHES

0,k ḠHES
0 +

k

∑
k0=1

(ZHES
k0,k wHES

k ), (5)

M̄HS
k = ZHS

0,k M̄HS
0 +

k

∑
k0=1

(ZHS
k0,kwHS

k ), (6)

P̄CG
k = ZCG

0,k P̄CG
0 , (7)

ḠCB
k = ZCB

0,k ḠCB
0 , (8)

where P̄e0
k is the total installed capacity of equipment e0 in year k. ḠHES

k and M̄HS
k are the

total installed capacity of HES and HS in k, respectively. P̄CG
k and P̄CB

k are the available
capacity of CG and CB in k.

Equation (4) describes the the total installed capacity of each equipment in year k; P̄e0
k

includes the installed capacity in the initial state and the capacity expansion before year k,
which are not retired.

2.2. System-Level Constraints of Energy Exchange

Systems-level constraints of energy exchange are shown in (9)–(14).

mB
k,t + mEL

k,t = mio
k,t + mFC

k,t , (9)

mC
k,t = mCG

k,t + mCB
k,t , (10)

pG
k,t + pFC

k,t + pPV
k,t + pCG

k,t + pBPT
k,t = pEL

k,t + pU
k,t + ed

k,t/τ, (11)

gFC
k,t = gFC,BPT

k,t + gFC,d
k,t + gFC,HEX

k,t , (12)

µgFC,HEX
k,t + gBPT,out

k,t + µgCB,HEX
k,t = gio

k,t + glow,d
k,t , (13)
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gFC,d
k,t + gCB,d

k,t = ghigh,d
k,t , (14)

where mB
k,t, mEL

k,t , and mFC
k,t are the hydrogen purchased from the market, generated by the

electrolyzer, and consumed in the SOFC, respectively. mio
k,t is the hydrogen exchange of

the hydrogen tank, which is positive when the hydrogen is charged into the hydrogen
tank. mC

k,t, mCG
k,t , and mCB

k,t are the coal purchased from the market, consumed in the CG,
and consumed in the CB, respectively. pFC

k,t , pPV
k,t , pCG

k,t , and pBPT
k,t are the power generated

by the SOFC, PV panels, CG, and BPT, respectively. pEL
k,t is the power consumed in the

electrolyzer. τ is time length of one stage. gFC
k,t is the heating energy generated by the

SOFC, gFC,BPT
k,t , gFC,d

k,t , and gFC,HEX
k,t are the heating energy supplied to the BPT, meeting the

high-grade heading demand, HEX from the SOFC. µ is the energy conversion efficiency
of the HEX. gBPT,out

k,t is the heating energy supplied from the BPT, gCB,HEX
k,t is the heating

energy supplied to the HEX from the CB, gio
k,t is the heating energy exchange of the HES,

and gCB,d
k,t is the heating energy supplied to meeting the high-grade heating demand from

the CB. ed
k,t, ghigh,d

k,t , and glow,d
k,t are the electrical demand, high-grade heating demand, and

low-grade heating demand.
Equations (9) and (10) describe the mass balance of hydrogen and coal, respectively.

Equations (11)–(14) describe the energy balance of electrical, high-grade heating, and
low-grade heating energy.

2.3. Constraints of Distributed Power Grid

Constraints of distributed power grid are shown in (15).

zG
k,t + zU

k,t ≤ 1, pG
k,t ≤ zG

k,t P̄
t f
k , pU

k,t ≤ zU
k,t P̄

t f
k , (15)

where zG
k,t, zU

k,t are the discrete variables to describe the exchange states with the power grid,

and P̄t f
k is the capacity of the transformer in year k.

Equation (15) describes that the energy exchange between the HIES and the distributed
power grid can only choose one of the two possible directions at each stage.

2.4. Operation Constraints of HIES

Operation constraints of HIES are shown in (16)–(22).

pFC
k,t τ = ηFC,emFC

k,t , pFC
k,t ≤ P̄FC

k , (16)

gFC
k,t = ηFC,gmFC

k,t , (17)

pBPT
k,t = ηBPT,egFC,BPT

k,t , pBPT
k,t ≤ P̄BPT

k , (18)

gBPT,out
k,t = ηBPT,ggFC,BPT

k,t , (19)

mEL
k,t = ηEL pEL

k,t τ, pEL
k,t ≤ P̄EL

k , (20)

gHES
k,t+1 = gHES

k,t + gio
k,t, gHES

k,t ≤ ḠHES
k , (21)

mHS
k,t+1 = mHS

k,t + mio
k,t, mHS

k,t ≤ M̄HS
k , (22)

where P̄FC
k is the nominal power of SOFC in year k. ηFC,e and ηFC,g are the energy conversion

coefficients of hydrogen to electrical energy and hydrogen to heating energy in SOFC,
respectively. ηBPT,e is energy conversion efficiency of heating energy to electrical energy
in BPT, and ηBPT,g is energy conversion efficiency of high-grade heating energy to low-
grade heating energy in BPT. ηEL is the power to hydrogen conversion coefficient of the
electrolyzer. gHES

k,t is the remaining heating energy in the HES at stage t in year k, and
mHS

k,t is the remaining hydrogen in the hydrogen tank. Equations (21) and (22) describe the
energy dynamics of storage devices.
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2.5. Operation Constraints of CES

Operation constraints of CES are shown in (23)–(25).

pCG
k,t τ = ηCGmCG

k,t , pCG
k,t ≤ P̄CG

k , (23)

gCB
k,t = ηCBmCB

k,t , gCB
k,t ≤ ḠCB

k , (24)

gCB
k,t = gCB,d

k,t + gCB,HEX
k,t , (25)

where ηCG is the coal to power conversion coefficient of the CG, ηCB is the coal to heating
energy conversion coefficient of the CB, and gCB

k,t is the heating energy generated by the CB.

3. Solution Methodology

With the capacity expansion planning problem of (1)–(25), the low-carbon transition
of the industrial energy system can be achieved. However, the carbon dioxide peaking
before the given time (e.g., 2030, as the goal proposed by Chinese government) cannot be
ensured. In this paper, the Pettitt test [6] is introduced as constraints of carbon emissions
trends in annual scale, as follows:

ck =
T

∑
t=1

(βele pG
k,t − βele pU

k,t + βCmC
k,t), (26)

lk =
k

∑
m=1

K

∑
n=m+1

sgn(cn − cm), k = 2, ..., K,

max
1≤s≤Y

|ls| = max
1≤s≤K

|ls|,
(27)

where ck is the carbon emission of the industrial energy system in k, and it is calculated
by (26). βele and βC are emission factors of power grid and coal, respectively. lk is a
statistical value used in the Pettitt test, which can be calculated by (27), and the inflection
point of data series ck is at the point where the absolute value of lk is maximum. m is an
index from 1 to k, n is an index from m + 1 to K, s is an index from 1 to K, and Y is the
given year achieving carbon dioxide peaking. This way, the peak value of annual carbon
emissions would appear before year Y in the whole planning horizon, thus ensuring the
carbon dioxide peaking before the given time.

Then, Equation (27) is linearized by using 0–1 variables, replacing the operation sgn()
through the large M method; thus, the problem (1)–(27) can be converted as a mixed-integer
linear programming problem and solved with the weather data and demand profiles.

4. Numerical Testing Results

The numerical testing is based on a practical industrial park in Jiangsu with 6 km2.
The CES installed in the initial state consists of a coal-fired generator (62 MW, which will
be retired after 15 years) and a coal-fired boiler (69 MW, which will be retired after 5 years).
The TOU power price λG

k,t was obtained from [2] and is shown in Table 1. The feed-in tariff
λU

k is assumed to be 0, and the hydrogen price is assumed to be RMB 20/kg [7]. The heat
exchange efficiency µ is assumed to be 0.95 [8]. The limit area of implementing PV panels
is 50 hm2. The energy conversion coefficients of the SOFC, ηFC,e and ηFC,g are assumed
to be 10 kWh/kg and 20 kWh/kg, respectively [9]. The energy conversion coefficients
of the CG and CB, ηCG and ηCB, are assumed to be 2.475 kWh/kg and 3.106 kWh/kg,
respectively [10,11]. The energy conversion coefficients of the BPT, ηBPT,e and ηBPT,g, are
assumed to be 0.23 and 0.72, respectively [8]. The capital expenditure of equipment utilized
in the HIES and CES is listed in Table 2. Note that the capital expenditure of the SOFC is
considered to change as time goes by [12], since it is the key energy conversion device in
the HIES. Other parameters are obtained from [2]. The test is performed on a planning
horizon with 10 years, from 2022 to 2032. The emission peaking year, Y, is assumed to
be the 8th year (2030). The weather conditions were obtained from [13]. The demand
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profiles were obtained based on the historical data of the industrial park and increasing
year by year. In addition, we assume that the load data will grow at a rate of 3.7% per
year. The total demand for electricity, steam, and heat in the first year of the industrial park
was 195,831MWh, 189,177 MWh and 319,940 MWh respectively, and there was no obvious
demand fluctuation throughout the year. The capacity expansion planning problem of
(1)–(27) is solved by the Gurobi solver with the given weather data and demand profiles.

Table 1. TOU power price.

Time (hour) Price (RMB/kWh)

22:00–6:00 0.298
6:00–8:00, 11:00–18:00, 21:00–22:00 0.593

8:00–11:00, 18:00–21:00 1.021

Table 2. Unit capital price of equipment [14].

Equipment Cost

SOFC 455,539–5050 RMB/kW [12,15]
Electrolyzer RMB 2100/kW
Back-pressure turbine RMB 406.2/kW [16]
Hydrogen storage tank RMB 3385/kg
Heating energy storage RMB 33.85/kWh
Coal-fired generator RMB 13,464/kW [10]
Coal-fired boiler RMB 1292/kW [11]
PV panels RMB 900/m2

4.1. Optimization Results

By solving the problem with the given data, the annual costs and emissions are shown
in Figure 2, and capacity expansion strategies of the energy devices are shown in Figure 3.
As can be seen in Figure 2, the carbon dioxide peaking can be achieved before 2030 (in 2029),
which proves that the developed method can supply a feasible carbon dioxide peaking
strategy of the industrial energy system. Meanwhile, the change in operation costs is not
particularly significant, and is decreasing between most years. It means that the developed
carbon dioxide peaking strategy has economic feasibility. On the other hand, the costs and
emissions have a significant change from 2027 to 2028, as shown in Figure 2. Since the CB is
retired in this year, the energy supply of the HIES cannot meet the energy demand, which
leads to a great capacity expansion demand, as shown in Figure 3. The capacities of the EL,
PV panels, and SOFC have a significant expansion, which make the capital cost increase
and carbon emissions decrease. It can be seen that large-scale investment in hydrogen
energy equipment may appear around 2028, which is due to the SOFC still being relatively
high, but there is an expected reduction in the investment cost caused by photovoltaic
investment in the first year, on the one hand due to its lower economic cost, and on the other
hand due to its ability to produce hydrogen in combination with electrolyzers.Although
the good expectation for the popularization of hydrogen equipment does not significantly
accelerate the speed of procurement of hydrogen equipment in industrial parks, it can
effectively increase the willingness of industrial parks to configure hydrogen-energy-related
equipment, especially photovoltaic, which can be used to provide electricity for hydrogen
production, and may even include electrolytic cells with competitive prices.
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Figure 2. Annual costs and emissions.

Figure 3. Capacity expansion strategies.

4.2. Sensitivity Analysis

To investigate the effect of the carbon dioxide peaking time and emission reduction
requirements on the performance of the developed method, a sensitivity analysis is im-
plemented in this section. First, the capacity expansion planning problem is solved with
different carbon dioxide peaking time Y, and the results are shown in Table 3. Note that
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for evaluating the economic benefits of the developed carbon dioxide peaking strategy,
a strategy using CES for supplying energy and purchasing emission allowance based on
emission trading schemes [2] for satisfying emissions reduction targets is used. The annual
and overall emissions of the two strategies are same, and the costs of the strategy with
purchasing allowance are also shown in Table 3.

Table 3. Overall costs and emissions with different peaking time.

Peaking Time Overall Cost (RMB) Costs of Purchasing
Allowance (RMB) Emission Peak (kg)

2030 3.191 × 109 9.870 × 109 5.819 × 1010

2028 3.191 × 109 9.870 × 109 5.819 × 1010

2026 3.238 × 109 5.765 × 109 5.611 × 1010

2024 3.248 × 109 5.902 × 109 5.218 × 1010

The results show that for achieving the same emission reduction, the cost of the
strategy based on purchasing allowance is significantly more than that of the strategy based
on the HIES, even three times in the case with carbon dioxide peaking before 2030 or 2028.
It means the developed strategy based on the HIES has a significant economic benefit. On
the other hand, with the given peaking time Y changing from 2030 to 2024, the emission
peak slightly decreases and the overall cost slightly increases. It means that the developed
method can supply different carbon dioxide peaking strategies for different peaking time,
with a little economic sacrifice.

Second, to investigate the effect of different emission reduction targets on the perfor-
mance of the developed method, the cases with different emission reduction targets in
2030 are calculated and the results are shown in Table 4. Note that the emission targets in
2030 mean that the emission in 2030 should be lower than the given percentage in the first
column of the emission in 2022. As shown in Table 4, with the developed method, when the
emission in 2030 drops by 64.22%, the overall cost only rises by 0.41%. As a comparison, the
cost of the strategy based on purchasing allowance rises by 40.43% for achieving the same
emissions in 2030. The results show that the different emission targets can be obtained
by the developed method with a little economic sacrifice, and the economic benefit of the
strategy obtained by the developed method is significant better than the strategy based on
purchasing emission allowance.

Table 4. Overall costs and emissions with different emission targets in 2030.

Emission Targets in 2030
Compared with 2022 Overall Cost (RMB) Costs of Purchasing

Allowance (RMB) Emission Peak (kg) Emission in 2030 (kg)

100% 3.191 × 109 9.870 × 109 5.819 × 1010 3.516 × 1010

75% 3.191 × 109 9.870 × 109 5.819 × 1010 3.516 × 1010

50% 3.197 × 109 1.151 × 1010 5.819 × 1010 2.516 × 1010

25% 3.204 × 109 1.386 × 1010 5.819 × 1010 1.258 × 1010

5. Conclusions

This paper focuses on the long-term capacity expansion planning problem of the
HIES for carbon dioxide peaking. The problem is formulated as a mixed-integer linear
programming problem, and the target of carbon dioxide peaking is considered as a con-
straint in this problem. The numerical results show that the target can be achieved while
ensuring the economic performance to some extent with the developed method. The targets
of carbon dioxide peaking before different years can be achieved through the strategies
obtained by the developed method, and the different emission targets can be achieved
with a little economic sacrifice. The strategy based on purchasing emission allowance is
also calculated for comparison, and its overall cost is three times more than the cost of
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the strategy obtained by the developed method, while the emissions of the two strategies
are same. It means that the economic performance of the developed method is obviously
better than the strategy based on purchasing allowance. Meanwhile, different emission
reduction targets will affect the planning results, and determining appropriate emission
reduction targets can realize the balance between economic benefits and carbon reduction
benefits. For example, in this paper, the carbon emission reduction of industrial parks
increased by 64.22%, while increasing the total cost by only 0.41%. Thus, the developed
capacity expansion planning method of the hydrogen-enabled industrial energy system is
a promising way to achieve the carbon dioxide peaking of industrial energy systems. In
our future work, we will further study and explore the feasibility of SOFCs using carbon
fuels to participate in energy system expansion planning, as well as the further impact of
HIESs on the local economy and industrial competitiveness.
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