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ABSTRACT Hydrogen energy is a promising solution to reaching carbon emissions peak and carbon
neutrality. With the development of hydrogen energy devices, coupling hydrogen energy with renewable
energy for power generation can compensate for the intermittency and instability of renewable energy.
Furthermore, the two-stage coordinated planning of integrated energy system (IES) and electricity-hydrogen
integrated energy system (EHIES), compared to independent planning, can help generate additional benefits
and reduce carbon emissions. Therefore, this paper proposes a coordinated planning of EHIES considering
lifecycle carbon emissions. In the first stage, aiming to minimize investment costs, network losses, voltage
deviations, and lifecycle carbon emissions, the equipment capacity and location of EHIES is determined.
The life cycle assessment (LCA) method is used to quantify the lifecycle carbon emissions of the EHIES,
preparing for the coordinated operation in the second stage. Subsequently, in the second stage, using carbon
emissions flow to allocate users’ responsibility for emissions, the carbon emissions per unit electricity
of the IES system are calculated. With the optimal cost of independent operation for IES and EHIES as
the coordinated operation objective, the alternating direction method of multipliers (ADMM) is employed
for sequential solution, obtaining the carbon emissions reduction amount, and iteratively updating until
convergence. Finally, the effectiveness of the proposed method is verified by using the IEEE 33-bus power
distribution network (PDN) and natural gas 6 node systems. The results show that compared to independent
planning, the two-stage coordinated planning method reduces the overall operating cost of IES by 3.81% and
decreases carbon emissions by 15.89%. This method is effective in reducing the carbon emissions of IES.

INDEX TERMS ADMM, two-stage coordinated planning model, electricity-hydrogen integrated energy
system, lifecycle carbon emissions.

NOMENCLATURE
ACRONYMS . . . L FCS Fast-charging station.
ADMM  Alternating direction method of multipliers. GB Gas boiler
DES Distributed energy system. GT Gas turbin'e
EHIES  Electricity-hydrogen integrated energy system. HESS  Hydrogen énergy storage system
ESS Electric storage systems. HSS Heating storage system.
EV Electric vehicles. :
HV Hydrogen vehicle.
FC Fuel cells.

IES Integrated energy systems.
LCA  Life cycle assessment.
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PEM  Proton exchange membrane.
PV Photovoltaic.
SOC  State of charge.
WHB  Waste heat boiler.
WT Wind turbine.
INDICES
i,j Indices of PDN nodes.
n Indices of equipment.

t
k

m, b

Indices of time.

The type of raw material for equipment.
Indices of pipeline nodes.
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The unit capacity investment cost.
The depreciation factor.

The economic coefficient of active
network losses and voltage devia-
tion.

The resistance value of the branch.
The nominal voltage of the node.
Maximum possible area of the PV.
Maximum possible capacity of the
WT.

Maximum possible capacity of the
FC.

Maximum possible capacity of the
HESS.

The cut-in, rated, and cut-out wind
speeds.

The conversion efficiency of the
PV.

The conversion efficiency of the
PEM electrolyzer.

Maximum electrical power con-
sumption of the PEM electrolyzer.
Maximum hydrogen production in
PEM electrolyzer.

The charging and discharging con-
version efficiency of the HESS.
Minimum and maximum coeffi-
cients of HESS storage capacity.
The electrical conversion
efficiency of the FC.

Node electrical load.
Regional electrical load.

Regional heat load.

Natural gas and grid power price.
The operating cost of the GT, GB,
and WHB, respectively.

The operating cost of the AE, ESS,
HSS, FC, and HESS, respectively.
The economic coefficient of carbon
emissions.

Spvs Swt
Sfcs Spems Shess

Lyvne
nGr

min pmax
P GT> P GT

AGr

Are

Hiity: Hiviiy
S S
Emin, Enax
PR

chr  dis
NHs » THS

max
HHS
NAE,e> NAE,h

qH,
max
PAE

NFC,e> NFC,h
max
QHESS

Ains
max
g.mn

€grids €GT > €GB

EF¢
EF’*

Cap,t ; Cap,max
L™, L

vrl

The operating cost of the PV and
WT.

The operating cost of the FC, PEM
electrolyzer, and HESS.

The heating value of natural gas.
The conversion efficiency of the
GT.

Minimum and maximum power
generation of the GT.

The electrical-to-thermal ratio of
the GT.

The recovery efficiency.

Minimum and maximum thermal
energy generation of the WHB.
The charging and discharging effi-
ciencies of the ESS.

Minimum and maximum stored
energy of the ESS.

Maximum charging and discharg-
ing power of the ESS.

Minimum and maximum stored
energy of the HSS.

The charging and discharging effi-
ciencies of the HSS.

Maximum charging and discharg-
ing thermal power of the HSS.

The hydrogen and heat production
efficiencies of the AE.

The conversion ratio of hydrogen.
Maximum power consumption of
the AE.

The electrical and thermal efficien-
cies of the FC.

Maximum hydrogen charging and
discharging of the HESS.

The hydrogen recovery rate.
Maximum transmission flow rate in
a pipeline.

The carbon emissions per unit of
electricity supplied by the upper
grid, GT, and GB, respectively.
The type of raw material for equip-
ment.

The carbon emissions generated
from the production of the kth type
of raw material.

The energy consumed during pro-
duction.

The carbon emissions associated
with this electricity.

The unit electricity carbon emis-
sions for the WT and PV.

The actual traffic capacity and road
capacity of road segment.
Maximum driving speed for the dif-
ferent road classifications.
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Aev The energy consumption coefficient.
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The investment capacity.

The active power of the node.

The reactive power of the node.
Voltage of node.

Area of the PV.

Capacity of the WT.

Capacity of the FC.

Capacity of the HESS.

Predictive power generation of WT and
PV.

The utilized and curtailed power of the
WT.

The utilized and curtailed power of the
PV.

Wind speed and solar irradiance.

The electrical energy required by the
PEM electrolyzer.

The hydrogen produced by PEM elec-
trolyzer.

The charging and discharging binary
state coefficients of the HESS in the
EHIES.

The charging and discharging binary
state coefficients of the HESS in the
IES.

The amount of hydrogen stored in the
HESS in the EHIES.

The amount of hydrogen stored in the
HESS in the IES.

The hydrogen consumption of the FC
in the EHIES.

The power generation of the FC in
EHIES.

Active power flow and reactive power
flow of line.

Active power and reactive power
injected of node.

Current of branch.

The low-carbon electricity provided by
EHIES to IES..

The natural gas volume for the GT and
GB, respectively.

Purchased electricity from the upper
grid.

The power generation of the GT.

The thermal generation of the GB,
WHB, and AE, respectively.

The power generation of the FC in IES.
The charging and discharging power of
the ESS.
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The charging and discharging
binary state coefficients of the
ESS.

The charging and discharging
binary state coefficients of the
HSS.

The heat absorption and release of
the HSS.

The hydrogen charging and dis-
charging of the HESS in IES.

Plys.c The low-carbon electricity
obtained by IES from EHIES..

p;, in The carbon emission density of the
PDN.

LC, The lifecycle carbon emissions of
equipment.

Hr whs ’\lglﬁr];nal energy supplied by GT to

Hir The thermal generation of the GT.

Epq. Epg The amount of energy stored in the
ESS and HSS.

P The power consumption of the AE.

O\p Hydrogen production from AE.

13 13
QAE,FC’ QAE,FCS

The quantity of hydrogen supplied
from the AE to the FC and FCS.

Q}C’ ios The hydrogen consumption of the
FC in the IES.

H ;C, ies '[l‘lheltélgrmal generation of the FC in
the .

Ly, The hydrogen charging demand for
regional HVs.

L7 The charging demand for regional
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g’ *g.gas> *¢,H

s
D .. D

grid® ~GB> D

t
ES

13 13
DGT,e’ DGT,h

EVs.

The amount of mixed gas, natural
gas, and hydrogen in the natural gas
pipeline, respectively.

The amount of separated hydrogen.
The carbon emissions of the upper
grid, GB, and ESS.

The carbon emissions from the GT
for electricity generation and heat
production, respectively.

EFIES The carbon emission coefficient
per unit of electricity used by an
IES.

Vik The driving speed of vehicles on

road segment.

I. INTRODUCTION

A. MOTIVATIONS

As fossil fuel consumption and environmental degradation
continue, the proportion of renewable energy sources in the
global energy mix is consistently rising. Projections indicate
that renewable energy will represent a substantial segment of
the global energy supply, estimated to range between 23%
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and 42% by 2040 [1]. However, as hydrogen production
and storage technologies advance, the integration of energy
sources like wind power, solar energy, and hydrogen becomes
possible. The addition of this new energy system poses new
challenges to IES [2]. Hydrogen energy has the potential
to be integrated into IES alongside energy storage systems
(ESS) and electric vehicles (EVs) as a storage solution. Such
integration has the potential to significantly enhance the reli-
ability, cost-effectiveness, and reduce carbon emissions of
the IES [3], [4]. Moreover, existing carbon emission stud-
ies primarily focus on the carbon emissions generated by
equipment such as gas turbines (GT) and gas boilers (GB),
while overlooking the carbon emissions produced by renew-
able energy generation and hydrogen energy storage systems
(HESS) throughout their entire lifecycle [5]. LCA serves
as a method for evaluating the carbon emissions generated
throughout the entire lifecycle of equipment, from manufac-
turing to disposal [6]. It can effectively evaluate the carbon
emissions produced by renewable energy generation and
hydrogen system throughout their entire lifecycle. Therefore,
the coordinated planning of an EHIES that considers lifecycle
carbon emissions is of significant practical importance for
enhancing the economic efficiency and reducing the carbon
emissions of IES.

B. LITERATURE REVIEW

The combination of renewable energy and hydrogen sys-
tem is beneficial for achieving low-carbon and clean IES.
In [7], amicrogrid energy system that integrates photovoltaics
(PV), hydrogen system, EVs, and Z-source converters was
presented. This system was optimized through an Energy
management strategy (EMS) using biogeography-based opti-
mization algorithms. Reference [8] focused on the devel-
opment of a sophisticated distributed PV system through
the analysis of meteorological data. The system was inte-
grated into a distributed hydrogen thermal storage system
(DHTSS) to optimize economic costs and minimize the cur-
tailment of excess solar power. In [9], hydrogen production
was integrated with the electricity and hydrogen markets.
The optimization of economic costs and profits for system
operators was achieved through the application of Markov
decision process theory. The integration of hydrogen and
water into energy systems aimed to enhance the overall
economic efficiency. In [10], an optimal energy storage
scheduling model for an IES that includes hydrogen and
water was presented. The primary objective was to optimize
and enhance the economic aspects of the system. Refer-
ence [11] introduced a dynamic balance feedback control
strategy for an electric-thermal coupling production scheme.
This strategy focused on optimizing the capacity allocation
of the devices within hydrogen-containing regional IES. The
optimization was performed using a multi-objective chaotic
particle swarm algorithm that incorporated greedy and elite
preservation strategies. In [12], a bi-level optimization model
for a regional IES was constructed. This model aimed to
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find balanced solutions between the equipment quantities and
capacities.

In the meantime, scholars have actively expanded the field
of planning for distributed energy system (DES). In [13],
a wind-hydrogen energy system (W-HES) was established,
utilizing surplus wind power for hydrogen production and
storing this hydrogen in HESS to enhance energy efficiency.
In [2], a bi-level planning model for a hydrogen IES was pro-
posed, considering multi-stage investment and carbon trading
mechanisms. This model proved effective in reducing the
operational costs and carbon emissions of this system. In [14],
a distributed energy device comprising fuel cells (FC), elec-
trolyzers, and HESS was constructed and integrated into the
PDN. In [15], a method was proposed for hydrogen produc-
tion using solar thermochemical processes and for electricity
generation with FCs, achieving a cascaded utilization of FCs
and solar energy. Reference [16] introduced a model for
integrating hydrogen into renewable energy systems. This
model involved the production of hydrogen from surplus or
curtailed renewable energy when wind turbine (WT), bio-
gas plants, and PV satisfied the demands of residential and
commercial loads. The coupling of PDN with the natural gas
network [17], and the blending of natural gas with hydro-
gen, facilitates the low-carbon operation of the system [18].
Therefore, hydrogen energy equipment that serves as a carrier
of low-carbon energy, can be readily integrated into DES.
From the above studies, it can be seen that current research on
DES planning only involves the coupling of some renewable
energy sources with hydrogen, and there is no proposed
modeling and planning method for integrating wind, solar,
and hydrogen systems together (see Table 1).

An energy system incorporating hydrogen plays a cru-
cial role in achieving low-carbon energy systems [19], [20].
While some studies have considered the economic aspect
of IES and incorporated the reduction of carbon emissions
as an objective function (as shown in Table 1), these stud-
ies primarily focus on carbon trading mechanisms. In [21],
small-scale nuclear power units and carbon trading were
introduced into an IES. Reference [22] put forth a gradual
carbon trading approach for computing carbon trading within
the combined heat and power (CHP) and hydrogen system.
In [23], it was suggested to combine demand response (DR)
with carbon trading to promote user engagement in DR within
IES, ultimately lowering costs for users and load aggrega-
tors. Nonetheless, the prices and transactions in these trading
mechanisms frequently overlook interactions among parties.
Consequently, in [24], a cooperative game-based profit allo-
cation mechanism was introduced to enhance the revenue
of IES with HESS and minimize carbon emissions. In [25],
a carbon trading mechanism for Chinese Certified Emission
Reductions (CCER) based on the Vickrey auction was intro-
duced. This mechanism employs a sealed-bid auction format
where the highest bidder obtains carbon emission allowances.
Subsequently, the process continues with the next round of
bidding at the second-highest price. This approach is applied
to integrated heat-power-hydrogen energy systems with the
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TABLE 1. Comparison with several related reference.

Energy storage

Energy storage

Refs Coupling Resources Utilization Planning and optimization objectives
type £
orm
[7] Solar and hydrogen ESS, HESS Electricity, Maximize energy efficiency
energy hydrogen
[8] Solar a;iilg};drogen HSS, HESS Electricity, heat Highest power supply reliability
9] Wind and hydrogen HESS Electricity, Highest economic reliability
energy hydrogen
HESS, water .. . ..
[10] Hydrogen energy storage Electricity, heat Minimize energy cost and carbon emission
[11] Hydrogen energy HESS Electricity, heat Minimize economy and carbon emission, highest energy efficiency
[12] Wind and solar energy HESS Electricity, heat Maximize energy efficiency
[13] Wind and hydrogen HESS Electricity, Minimize economic cost
energy hydrogen
[14] Hydrogen energy HESS Electricity Minimize power losses and maximize energy efficiency
Solar and hydrogen .. . .
[15] energy - Electricity, heat Highest energy efficiency
[16] Hydrogen energy HESS Electricity Highest economy, low carbon and energy efficiency
[18] Nature gas and hydrogen - Electricity, heat, Minimize operating cost and maximize transaction payment
energy hydrogen
[21] Nuclear ESS, HSS Electricity, heat Maximize system economic and environmental benefit
[22] Wind aerrxli;};drogen ESS, HESS Electricity, heat Minimize carbon emission and operating cost
[24] Hydrogen energy HESS Electricity, heat Minimize carbon emission and operating cost
[25] Hydrogen energy ESS, HESS Electricity, heat Highest economy, low carbon
This Solar, Wind, and ESS, HSS, Electricity, heat, Minimize power losses cost, voltage deviation costs, operating cost
paper hydrogen energy HESS hydrogen and lifecycle carbon emissions

aim of reducing the overall carbon emissions of the system.
However, due to the supply-demand disparities among differ-
ent IESs, directly implementing a carbon trading mechanism
in the EHIES planning to reduce the carbon emissions of the
IES system is not feasible. Therefore, it is of utmost impor-
tance to consider the impact on the total carbon emissions of
IES and find a suitable method to plan EHIES.

C. CONTRIBUTION AND ORGANIZATION OF THE PAPER
In summary, existing DES should include and take into
account hydrogen energy equipment to improve system sta-
bility and lower carbon emissions. However, current research
fails to account for the influence of equipment lifecycle
carbon emissions on the total carbon footprint in the plan-
ning phase. To address these concerns, this study delves into
EHIES planning by considering lifecycle carbon emissions
linked to renewable energy sources. Moreover, it examines
the cooperative operation of the IES along with the EHIES.
The primary contributions of this study are as follows:

(1) The EHIES is developed by incorporating PV, WT,
proton exchange membrane (PEM) electrolyzer, HESS, and
FC. Furthermore, the planning considers the demand from
both EVs and hydrogen vehicles (HV) within the specified
area.

VOLUME 12, 2024

(2) Employing carbon flow to allocate decarbonization
responsibilities among users, the study assesses the carbon
emissions generated by the electricity supply within the IES.
Additionally, the LCA method is utilized to analyze the
carbon emissions of new energy and hydrogen equipment,
allowing for a more accurate calculation of equipment life-
cycle carbon emissions within the EHIES.

(3) In the first stage, the planning location and equipment
capacity of EHIES are determined with the objective of
minimizing investment costs, lifecycle carbon emissions, and
improving the operational stability of PDN. In the second
stage, EHIES and IES coordinate operations to reduce carbon
emissions and operating costs.

The subsequent sections of this paper are organized as
follows: Section II introduces the planning and operational
models. Section III outlines the methodology used to solve
the models. Section IV presents the numerical results of case
studies. Finally, Section V offers concluding remarks.

Il. FORMULATIONS

In this section, we first present the EHIES planning model.
Next, we introduce a coordinated operation model that incor-
porates subsidies for carbon emissions. Finally, this model is
applied to a two-stage planning model.
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A. EHIES PLANNING MODEL
The EHIES system comprises the PV, WT, PEM electrolyzer,
HESS, and FC. PEM electrolyzer exhibits high electrolysis
efficiency, rapid start-stop capabilities, and the production of
high-purity hydrogen gas. This makes it ideal for converting
the surplus energy generated by PV and WT into hydrogen
gas, which is subsequently stored in the HESS. The FC
utilizes hydrogen gas from the HESS to provide electricity,
meeting peak system power demands and enhancing system
stability. The architecture of the EHIES is shown in Fig. 1.
In the first stage, the aim is to determine the optimal
location and capacity of the EHIES connections to the PDN.
Additionally, based on the equipment capacity obtained in
this stage, the lifecycle carbon emissions of EHIES will be
calculated, and the calculation method will be detailed in
Section B of Chapter III. The objective of this stage is to
minimize investment costs, active network loss costs, lifecy-
cle carbon emissions costs and voltage deviation costs. The
formula for this calculation is as follows:

F] = min(C,',w + Cp + Cv + Cccer) (1)

Ciny = ch “Bn - Ny

P2+2
6 -4y e

Cv—lz VJN’

Cecer = SCO, ZLCn
n

n e {WT, PV, PEM, HESS, FC} 2)

where F is the objective function of the first stage. Cpy, Cp,
Cecer, and C,, represent the investment costs, active network
loss costs, lifecycle carbon emissions costs, and voltage
deviation costs, respectively. ¢, denotes the unit capacity
investment cost. 8, denotes the depreciation coefficient. N,
is equipment investment capacity. A, is the economic coeffi-
cient of active network losses. A, is the economic coefficient
of the voltage deviation. P; is the active power of the node.
Q; is the reactive power of the node. V; is the node voltage.
R; is the resistance value of the branch. Vjy is the nominal
voltage of the node. scp, is the economic coefficient of
carbon emissions. LC,, is the lifecycle carbon emissions of
equipment 7.

The model encompasses investment, operational, and
energy balance constraints. These constraints are detailed as
follows.

1) INVESTMENT CONSTRAINTS

0 <Apy < ARy (3
0 < Pyr < Pyr )
0 < Npc < Np&* (5)
0 < Nugss < Nggss (6)
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where Apy denotes the planned PV area. Apy* represents the
maximum PV area. Py, is the planned rated power of the
WT. Py is the maximum rated power of a WT. Ngc denotes
the planned FC capacity. Np&* is the maximum capacity of
the FC. Njji% is the upper capacity limit of the HESS. Nygss
is the planned capacity of the HESS.

2) OPERATIONAL CONSTRAINTS
The operational constraints of the EHIES include the WT, PV,
PEM electrolyzer, FC, HESS, and PDN.

The constraints for WT and PV are as follows.

0 Ve < Vei

ra
Pyr (i — vei)
Vei SVt < Vg

P,l;l;;" r = (Vra = Vei) o (7)
P{,‘a/T Via <Vt < Vour
0 Vi = Vour
P[l;l;;"t_PifVT_FPWTcur (8)
P’]JV . = npvApyGpy 9
Ppy . = Ppy + Pby cur (10)

where P’;;; , is the output power of the WT. vi, Vrq and vous

represent the cut-in, rated, and cut-out wind speeds, respec-

tivel}./. P{;f; . repre.sents t'hej output power of thé PV. system.

npy is the conversion efficiency. Gpy ; is solar irradiance.
The constraints of PEM electrolyzer are as follows.

Qv = 1PEM Py (11)
Pogst = Ppv.cur + Pwr cur (12)
0 < Opeu = Cpimt (13)
0 < Pppy = Ppgyrdhess.chr (14)

where Q,, is the hydrogen produced by PEM electrolyzer.
Pl is the electrical energy required by the PEM elec-
trolyzer. npgy 1is the conversion efficiency. vav o @nd
PtWT cur AT€ the curtailed solar and wind power, respectlvely.
Q%l}‘w is the maximum hydrogen production in PEM elec-
trolyzer. Py, is the maximum electrical power consumption
of the PEM electrolyzer.

The constraints of HESS are as follows.
t—1 hr At
B — EY des + M QpeM
H ,des t—1 di tdes
EH,des + QFC,deS/’7 2 dhess dis — 1

dt,des -1

hess,chr

(15)

E} . =El (16)
H,des — *~H ,des

Ao NHESS < Efy gos < Mo NHESS (17)

where E! H des 18 the amount of hydrogen stored in the HESS.

Amin pd AMaX gre the minimum and maximum coefficients of

hess hess
HESS storage capacity, respectively. d,lu’ffi - and d;u’ffb Jis AT

charging and discharging binary state coefficients of HESS
(with 0-1 variables), respectively. Qi‘c, des 18 the FC hydrogen
consumption. r)}j" and nd” represent the hydrogen charging

and discharging efficiency of the HESS, respectively.
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FIGURE 1. The architecture of the EHIES.
The constraints of FC are as follows.
Arc
t _ Nt
PFC,des - QFC,des : NFCNmax (18)
FC
t max jt
0 = QFC,des = QPEMdhess,dis (19)

where P%c, Jes denotes the power generation of the FC. Axc is
the electrical conversion efficiency at the maximum capacity.

The branch power flow constraints of the PDN model
based on second-order cone relaxation optimization are as
follows.

pj= Z Pjg — Z (Pyj — Iyjry) + gV, Vj € B

kes(j) ien(j)
gG= D Ox— D (Qy—Irp)+bV;,¥jeB
kes(j) ien(j)
(20)
Vi = Vi = 2(Pyryj + Q) + Iy(r +x)).Vij € E - (21)
2PU 5
20i | <ILj+V,YijeE (22)
jij - ‘7J 2
I; <Ij<I;.VijeE (23)
V<V <V vjeBt (24)

where p and g represent the node-injected active and reactive
powers, respectively. P and Q represent the active and reactive
powers of the branch currents, respectively. V is the node

voltage. I is the branch current, where I;; = Ii?, V= ij.

3) ENERGY BALANCE CONSTRAINT
The electrical balance constraint of EHIES is as follows.

b
Ejt ! + P;’EM +Péles,c = P;’V + P[WT +P;’C,des (25)

where: P!

des. 18 the low-carbon electricity provided by EHIES
to IES.
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B. COODINATED OPERATION MODEL
The IES purchases natural gas from gas companies and elec-
tricity from upper grid to bridge the supply-demand gaps.
There are four types of energy exchange between compo-
nents: natural gas, electricity, thermal energy, and hydrogen
energy. The PDN transmits electrical energy to consumers.
The AE serves as the primary hydrogen production equip-
ment in the IES. The hydrogen produced is sent to the HESS
and can be converted into electrical energy by the FC as
needed. Natural gas is converted into thermal and electrical
energies. The electrical energy generated by the GT is dis-
tributed through power lines to the region, while the thermal
energy produced is conveyed to a Waste Heat Boiler (WHB)
connected to the primary heating network. The GB uses
natural gas to generate thermal energy for regional heating.
HESS, ESS, and heating storage system (HSS) store surplus
hydrogen, electricity, and thermal energy for use during peak
energy demand. The architecture of the IES is shown in Fig. 2.
To reduce IES carbon emissions, promote clean energy
power generation, and decrease electricity from conventional
power sources. Providing economic subsidies to EHIES
based on the difference in carbon emissions between IES
and EHIES incentivizes EHIES to supply more low-carbon
electricity to IES. For the IES, the objective function aims
to minimize operating costs, and carbon emission subsidies,
as follows:

F» = min (cgff + CIES) (26)

Seas (V1 + Vén) + SeriaPhuy + S Por+
sgvHGp + swnbHyyp + spcP ;‘C,ies_i_
CIES =37 | SacHpp + Ses(Pg oy + P gis)
' shS(HIt-IS,_chr + H;-IS,dis')—i—

t,ies t,ies
Shess(QpEss.chr T CRESS dis)

24
IES __ t t
Cees = 5c0, (le Ppdn * Plosc — ZLC”)
1= n

27)
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where F, denotes the total operating cost of the IES. C/ES and
CZESS represent operating costs and carbon emissions subsi-
dies, respectively. sgas, sfgrid, Sgts Sgbs Swhb» Sae» Ses» Shs» Sfe-and
Shess Tepresent natural gas price, electricity price, GT operat-
ing cost, GB operating cost, WHB operating cost, AE operat-
ing cost, ES operating cost, HS operating cost, FC operating
cost, and HESS operating cost, respectively. P! o5, Tepresents
the low-carbon electricity obtained by IES from EHIES. ,012 dn
is the carbon emission density of the PDN.

The EHIES acts as a system that couples renewable energy
with hydrogen. It generates low-carbon electricity to supply
the IES while meeting local electricity demand. This effec-
tively reduces carbon emissions from the IES. To incentivize
the EHIES to provide more low-carbon electricity, the IES
will offer a carbon emission subsidy to the EHIES sys-
tem [26]. The objective function for the EHIES is to minimize
operating costs while maximizing earned carbon emission
subsidies, as follows:

F3 = min CPES 4 max CPES (28)
CDES _ Z SpvPpy + SwiPyp + spcP ;’C,des
o | TSpemP pEM T Shess (Q;"C,des + Q;’EM)

24
DES
Cees” = Sc0, (Z plt)dn ) Piles,c - ZLCH)
t=1 n
(29)
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where F3 denotes the total operating cost of the EHIES. CDES
and CBES represent the operating costs and earned carbon
emissions subsidies, respectively. spy, sy,and spem represent
the operating costs of the PV, WT, and PEM electrolyzer,
respectively.

The model encompasses the operation, energy balance,
and shared natural-gas pipeline constraints of the IES. These

constraints are detailed as follows.

1) OPERATIONAL CONSTRAINTS
The constraints of GT are as follows.

Pir = VirLyvnener (30)
Hip = Py /At 31)
PEF < Por = PoT (32)

where the GT output P, depends on the gas volume V.

Lyvnc is the heating value of natural gas. ngr is the conver-

sion efficiency. H;, represents the thermal energy generated.

Acr is the electrical-to-thermal ratio of the GT. PG and P

are the upper and lower limits of the GT output, respectively.
The constraints of WHB are as follows.

Hyyyp = MeHGr wip (33)
Hypip < Hyypp < Hypg (34
0 < Hgr wup < Her (35)
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where H},,, denotes the thermal energy generated by the
WHB. HIGT,WHB represents the thermal energy provided by
the GT to the WHB. 4, is the recovery efficiency. Hyjy; and
H s represent the upper and lower limits of thermal energy
produced by the WHB, respectively.

The constraints of ESS are as follows.

-1 h
t EE?S + n%SrPtES,chr dés,chr =1

Eps = E=1 4 pt dis gt —1 (36)

s T PEs dis [ MES  des.ais =

Egg = Efg 37)

Epg" < Epg < Egg™ (38)
0 = P%S,chr = Pg&%xdés,chr (39)
0 = PtES,dis = P?;‘lxdés,dis

dés,chr + dés,a’is =1 (40)

where Ef, denotes the amount of energy stored in the
ESS. Ppg ., and P ;o represent the charging and dis-
charging power of the ESS, respectively. n%’ and nifg
represent the charging and discharging efficiencies of the
ESS, respectively. dj ;. and dj ;. represent the charging
and discharging binary state coefficients of ESS (with O-
1 variables), respectively. Eh’PSin and Epd™  represent the
upper and lower limits of the stored energy within the ESS,
respectively. Pp¢* represents the maximum charging and dis-
charging powers of the ESS.

The constraints of HSS are as follows.

Ehs = H Rt oo =1
Eps' + Hyg gis / Mrs Aps,ais = 1
Eps = Ejs 42)
ER§ < Ejs < Effg" (43)
[ 0 < Hyg oy < HES s chr (44)
0 < Hyg i < Hys djg g
s chr + dis.ais <1 (45)

where Ej is the amount of energy stored in the HSS. Hyg
and H ;[S’ 4is re the heat absorption and release of the HSS.
n;lhsr and 77}‘% represent the heat absorption and release effi-
ciencies of the HSS, respectively. dj, ,, and dj ; are the
heat absorption and release binary state coefficients of the
HSS (with 0-1 variables), respectively. E}}‘g“ and Ej¢* are the
upper and lower limits of the stored energy within the HSS,
respectively. Hy¢* represents the maximum heat absorption
and release of the HSS.

The constraints of AE are as follows.

: Pie
Oup = NAE,e——— (46)
qH,
Hip =naen (1 — nag.e) Py 47
Qi = Ohe re + Qe res + Chipss.chr (48)
0 <Py <P (49)

where Q' is the amount of hydrogen produced by the AE.
P!, represents the power consumption of the AE. H}, is
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the thermal generation of the AE. gy, is the conversion ratio
of hydrogen. nag,. and nag, represent the hydrogen and
heat production efficiencies of the AE, respectively. Q' E.FC
represents the amount of hydrogen supplied by the AE to
the FC. 0/, £.Fcs Tepresents the amount of hydrogen supplied
by the AE to the fast-charging stations (FCS). Q;jggs chr
represents the amount of hydrogen supplied by the AE to the
HESS. P}i* is the maximum power consumption of the AE.
The constraints of FC are as follows.

P;‘C,ies = Q;‘C,ies "TNFC.e " 4H, (50)
HII:C,ies = NFC.h (1 - nFC,e) P;’C,ies (51)
i
Orc.ies = Qur.rc + Qs ais (52)

where Pth’ .s denotes the power generation of the FC in
the IES. H ltFC, ies 18 the thermal generation of the FC in the
IES. nrc.. and nrc,, represent the electrical and thermal
efficiencies of the FC, respectively. QtFC,ies is the hydrogen
consumption of the FC.

The constraints of HESS are as follows.

t—1 chr At,ies t,ies _
E! _ EH,ies + NH QHESS,chr dhess,chr =1 53
H ies Et—l + Qt,ies dis dt,ies -1 (53)
Hies HESS dis | TH hess.dis =
E}, =E} (54)
0 <Ej; <EF™ (55)
t,ies max jt,ies
0 < Qhess chr = CHESSposs,chr (56)
0 < Qt,ies < Qmax dt,ies
— XHESS,dis — XHESS“hess,dis
t,ies t,ies
dhess,chr + dhexs,dis =1 (57)

where E;{ ;s denotes the amount of hydrogen stored in the

HESS. Q;[E;S on and Q;IE;S 4is Tepresent the hydrogen charg-
ing and discharging of the HESS. ng" and r}f}s correspond
to the hydrogen charging and discharging efficiencies of the
HESS, respectively. d;lelf: o And d;wlf: Jis Tepresent the charg-
ing and discharging binary state coefficients of the HESS
(with 0-1 variables), respectively. Q¥ represents the max-

imum hydrogen charging and discharging of the HESS.

2) ENERGY BALANCE CONSTRAINS
The electrical balance constraints of IES are as follows.

t,bef
Eload + PféE +P;§S,chr + ZLZV = PZGT + PlES,dis +P;7uy

! !
+PFC,ies +Pies,c

(58)
where: L], is the charging demand for regional EVs.
The heat balance constraints of IES are as follows.
t,bef
Hyud +Hys oy =HGp+Hiyng + Hig + His gis P HEC s
(59

The hydrogen balance constraints of IES are as follows.

n t,ies t _nt t,ies
ZLhev + Qhiess chr T Crcies = Qar + Chipss ais  (00)

where: L}

hev 18 the hydrogen charging demand for regional
HVs.
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FIGURE 3. Schematic of shared natural gas pipeline transport.

3) SHARED NATRUAL GAS PIPELINE CONSTRAINS
It is possible to co-transporting hydrogen with natural gas
through shared pipelines, which eliminates the need for ded-
icated hydrogen pipelines and fulfills the hydrogen demands
of the related equipment [18]. Fig.3 illustrates this process,
where hydrogen is separated using membrane separation
equipment in the separation layer.

In order to determine the amount of the gas after the mix-
ture of natural gas and hydrogen, as shown in the following
formula:

0 = S} oo + QL (61)

where Qf, Qf .., and Q(’g’  represent the amount of mixed
gas, natural gas, and hydrogen in the natural gas pipeline,
respectively.

The hydrogen separation process incurs losses, as demon-
strated by the subsequent formula.

11

ms — “ins Q;’H (62)

where Q! is the amount of separated hydrogen. A, is the
hydrogen recovery rate (90%).
The constraint of the natural gas pipeline are as follows:

Qo = kit S (PR = PR (63)

To x d° 03
0 b
ko = m 64
mb (1.62x,0xTxelm;,x?Lmb) 64)
t +1 pmr = Dbt
f— 3 s 65
mb H —1 Pt < Dbyt (65)
—Qg'mb = ;,mb < Qg'mb (66)

where Q;’mb is the mixed gas flow in the pipeline. k; is the
transmission coefficient of pipeline mb, which depends on
the gas density, transport temperature, pipeline length, and
pipeline inner diameter. Sinb is the flow-direction coefficient
of the mixed gas in the pipeline. p,, ; and pp ; are the gas pres-
sures at pipeline nodes. Q‘;%‘b is the maximum transmission
flow of the pipeline. The pipeline coefficient parameters can

be found in [27].
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llIl. SOLUTION METHODOLOGY

A. CARBON EMISSIONS CALCULATIONS

The primary providers to carbon emissions in the discussed
IES are GT, GB, and the upper grid. Carbon emission
intensity generally correlates with equipment power [25].
Therefore, the formula for carbon emissions conversion is as
follows:

t  _ . pt
Dgrid - eg"ldPgrid
t _ !
Dgr . = ecrPegr

(67)
DtGT,h = eGTHIGT
DIGB = eGBH(t;B
D .. +D.. +D.., +D
EFIES _ Tgrid GT,e GT,h GB (68)

T Pig + Por + Hor + Hep

where D;n.d and D, represent the carbon emissions of
the upper grid and the GB, respectively. DQ;T’E and DQ;T’ n
represent the carbon emissions from the GT for electricity
generation and heat production, respectively. ey is the car-
bon emissions per unit of electricity supplied by the upper
grid, which is taken as 0.728 kg/kWh. egr is the carbon
emissions per unit of electricity generated by the GT, which
is taken as 0.612 kg/kWh. egp represents the carbon emis-
sions per unit of electricity generated by the GB, taken as
0.102 kg/kWh. EF!ES s the carbon emission coefficient per
unit of electricity used by an IES.

Given the energy losses associated with energy storage and
release in the ESS, this energy loss is defined as the carbon
emission responsibility of the ESS. This can be expressed

using the following formula:

h 1IES
Dl — (1- n%Sr)PtES,chrEFccer dés,chr =1
ES — dis IES
(P%S,dis/nElg - P%S,dis) EFccer dés,dis =1
(69)

where D%S represent the carbon emissions from the ESS.
Reference [28] introduces a carbon emission flow model
based on the PDN and used it to delineate the allocation of
carbon emission responsibilities. It is important to note that
this study did not account for carbon losses occurring in the
PDN. Consequently, the carbon emission responsibilities of
the nodes are contingent on their active power. The carbon
emission density of the PDN is as follows:
Dyyia + Dgr o + Digs

t g

Fpin = > P
J

B. LIFECYCLE CARBON EMISSION ASSESSMENT METHOD
Given that the planned equipment in EHIES are clean energy
sources that do not emit carbon during the electricity genera-
tion, it is necessary to consider the lifecycle carbon emissions
of these equipment. Lifecycle carbon emissions refer to the
total carbon emissions generated by the equipment from
production to disposal throughout their entire lifecycles.
To address this concern, we employ the LCA method. Based

(70)
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TABLE 2. The materials and corresponding carbon emissions for
hydrogen energy equipment per unit capacity (kWh).

Equipment . . Emission
name Material Quantity(kg) factor(kgCO2.,/kg)
PEM Unalloyed 457 151

electrolyzer steel

Stainless 037 485
steel
Copper 1.07 2.13
Aluminium 0.33 9.5
Titanium 0.17 46.5
Polyethylene 0.12 2.28
FC Cast iron 0.064 1.72
Active 0.02 021
carbon
Polystyrene 0.24 3.69
Stainless 06 485
steel
Aluminium 0.37 9.5
Titanium 5.6%10° 46.5
HESS Polyethylene 0.1 2.28
Carbon 237 1.43
powder
Epoxy resin 0.35 2.04

TABLE 3. Energy required for the production of hydrogen energy
equipment per unit capacity (kWh).

Energy types Energy consumption Emission factor
Electricity 25.32(kWh) 0.385 (kgCO2eq/kWh)
Diesel 1.64(L) 2.68 (kgCO2.4/L)

on this method, we calculate the average daily carbon emis-
sions of the equipment over their lifespans. In [29] and [30],
it was noted that the unit electricity carbon emissions for
the WT and PV were 0.038 kg/kWh and 0.0464 kg/kWh,
respectively. The equation for calculating the lifecycle carbon
emissions of WT and PV under ideal conditions is as follows:

LC, = EF¢ - B,N,
n e {WT, PV} (71)

where EF)¢ represents the unit electricity carbon emissions
for the WT and PV.

The materials and corresponding carbon emissions for
hydrogen energy equipment per unit capacity are detailed
in Table 2. Additionally, the energy consumption and corre-
sponding carbon emissions for producing hydrogen energy
equipment per unit capacity are provided in Table 3. The
formula for calculating the lifecycle carbon emissions of
hydrogen energy equipment is as follows:

LC, = (Z My - EFyj + Eem ~EF§) BnNn
n € {PEM, HESS, FC) (72)

where M, i is the kth type of raw material for equipment.
EF, i represents the carbon emissions generated from the
production of the kth type of raw material. E,,, represents
the energy consumed during production. EF} represents the
carbon emissions associated with this energy.
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C. PREDICTION OF EV CHARGING DEMAND AND HV
HYDROGEN CHARGING DEMAND

The hydrogen charging requirements of HVs, which con-
stitute a significant hydrogen load within the research area,
exhibit spatiotemporal uncertainties [31]. Nonetheless, they
share certain similarities with EV travel patterns. In this
section, we model the travel behavior of both HVs and EVs
by considering factors such as user travel patterns, traffic
flow, and road classification. To predict regional electric-
ity and hydrogen charging demands, we employed a Monte
Carlo algorithm for the simulation. The geographical division
of functional areas and classification of road classifications
within the research area are illustrated in Fig. 4.

User travel patterns provide insights into the travel behav-
iors of various individuals. First, we classified users’ travel
destinations into five distinct categories: residential (H),
work-related (W), shopping and dining (S), social and leisure
activities (E), and miscellaneous (O), each associated with
specific functional areas. We then establish a probability
transition matrix to elucidate the likelihood of users moving
from one destination to another, as shown in the following
formula:

H | P11 P21 P31 P41 Ps)
W | P12 Px P3 Py Psp
TPjj= S | P13 P23 P33 P43 Ps3 (73)
E | P14 P4 P34 Pyg Psy
O | P15 Pys P35 P45 Pss
0<TP; =<1 (74)
5
ZTPij:li:l,z,..-,s (75)
j

where TP;; represents the probability of users transitioning
from destination i to destination j.

This study classifies user travel patterns into two cate-
gories: simple and complex. Simple chains consist of two
destination types, with residential area at both the start and
end, while intermediate destination is chosen from other
functional areas. Complex chains consist of three destination
types, with residential area at both the start and end, and two
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FIGURE 5. Transition probabilities for the six time periods.

intermediate destinations chosen from other functional areas.
The day is segmented into six time periods, and the likelihood
of users selecting functional areas varied across these periods.
Consequently, the transition probabilities are derived from the
data in reference [32], as illustrated in Fig. 5.

In the daily commuting routines of private car owners,
EV users commonly choose to charge their vehicles at charg-
ing piles near parking lots or utilize FCS for urgent charging.
In order to minimize battery loss as much as possible, private
car owners frequently prefer slow charging at night. By con-
trast, HV users only rely on FCS for refueling. According
to [33], the daily start times for private car users conform to
a normal distribution N (8.56, 1.572). The durations of activ-
ities related to leisure and work follow normal distributions,
N(2.39, 0.732) and N(5.87, 1.22), respectively. Meanwhile,
the durations of activities such as resting at home, shopping,
and other miscellaneous activities adhere to exponential dis-
tributions E(2.28), E(0.56), and E(0.45), respectively.

Given that vehicle energy consumption primarily depends
on driving speed, which is in turn influenced by road classi-
fications and traffic flow, we formulate the equations for EV
driving speed V,, and energy consumption ¢, as follows:

Cap,t
R=m+ n(%ﬁ (76)
k
vrl . (LCap,max)R

r k
Y= e )

) . 1531
chy =021 = 0.001V], + —= (78)

Ly

where v'! is the maximum driving speed for the different road
classifications (rl=1, 2). R is the road capacity coefficient.
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LS and LEP™ represent the actual traffic capacity and
road capacity of road segment L in time period ¢, respec-
tively. VL’k is the driving speed of vehicles on road segment
Ly at time .

Utilizing HV data supplied by the BIG HIT project [34],
we formulate the driving energy consumption model as
follows:

Chey = MnevVi, - A (79)

where ezev denotes the driving energy consumption of the HV.
Ahev 18 the energy consumption coefficient.

Finally, it is specified that upon reaching their destina-
tion, if an EV remains stationary for more than 10 minutes
with a state of charge (SOC) below the charging threshold,
charging is initiated. In the case of an HV, when the SOC
falls below the hydrogen replenishment threshold, the vehicle
will proceed to a FCS for hydrogen replenishment. Once the
charging behavior of EV and HV users is confirmed, the sim-
ulation algorithm updates the charging load L}, for different
functional zones within the planning area and the hydrogen
energy load L;,, for FCS in accordance with the provided
logic. The simulation algorithm runs in the MATLAB r2023a
environment, and its workflow is illustrated in Figure 6.

D. TWO-STAGE COORDINATED PLANNING METHOD
The planning problem for the EHIES is structured in two
distinct stages. The first stage involves the EHIES plan-
ning, while the second stage focuses on simulating EHIES
operations to provide low-carbon energy, thereby reducing
system carbon emissions for IES. An overview of the solution
process is shown in Fig. 7.

In the first stage, as it involves mixed integer nonlin-
ear programming, we employ the commercial solver Gurobi

VOLUME 12, 2024



H. Bian et al.: Coordinated Planning of EHIES Considering Lifecycle Carbon Emissions

IEEE Access

( Start )
——
Initialize Load Data, EV and HV Parameters. Randomly Select
User Addresses and Travel Chain Type. Record Transfer Zones
+

Initialize the Number
of Iterations £=1

———— Initialize EV and HV Simulation

Initialize the Number
of HVs m=1

Initialize the Number
of EVs n=1

Calculate Shortest Travel
Paths. Calculate SOC and +

Calculate Shortest Travel
r Paths. Calculate SOC and

\ ‘
\ |
| \
\ \
\ \
\ e | A,
| Driving Time ‘ Driving Time
| Charging . No | No -~ Charging
‘ Required ! Required
| } Yes | Yes)
\ Is there a \ Is there a
| charging station \ charging station
n=ntl ‘ % m=m+1
\ . Find Nearest
\ Use F?St Use Sl_ow | Charging Station

Charging Charging ‘ f
| Start Charging
| | ]
\ Update EV Travel ‘ Update HV Travel
‘ | chain And Load Data | chain And Load Data

! |
| n>N m>M
| No Yes ‘ Yes No
o \
No
f=k+1 K

I Yes
Calculate Average EV Charging
Load and HV Charging Load

" End

FIGURE 6. Simulation algorithm workflow diagram.

9.1 through the Yalmip tool within the MATLAB r2023a
environment to obtain solutions. Following this, we establish
a distributed optimization framework for managing outputs
when the EHIES is connected to the IES, guided by the
second-stage objective function. In this context, we choose
the ADMM, a straightforward, efficient, and robust algorithm
that does not require a strictly convex optimization problem.
To solve the objective function, the power generation of the
EHIES to IES serves as a coupling variable, and its formula
is as follows:

Fr +F3
s.t. Pl

ies,c

- Pfies’c =0 (80)

Then, construct the following augmented Lagrangian
function:

24
mian =FN+F+ Z [uT (Pies‘c - Piies,c)
t

0
+5 Piece = Plescll) (81)
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FIGURE 7. Flowchart of the two-stage planning method.

where u” represents the Lagrange multiplier coefficient. p
represents the penalty factor.
The iterative calculation steps are as follows:

Pl . (0+1)=argminL, [P;,m @), Plyy o (@), 1" (a))]
Pﬁes,c (w+1) =argminL,
I:P;’es,c (w+ 1), P;es,c (), u’ (a))]
uT (w + 1) = uT (w) +p [P;es,c - Piies,c]
(82)
err = Z |Plies.c (@ +1) = Pl o (@)
+ Z ||P§es,c (0+1) — Pies,c”z =¢ (83)

where w is the number of iterations required to solve the
sub-problem to minimize the objective function. err is the
dual residual. ¢ is the convergence value of the dual residuals.

After obtaining the optimal EHIES to IES power gener-
ation, it is substituted as a constraint in the first stage. The
additional constraint formula is as follows:

t,0
Eload +P§’EM + Pfies,c (w*) = P;’V +P§}VT + P;‘C,des (84)

where Piles . (0*) represents the optimal power generation of

EHIES to IES.
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FIGURE 8. Network topology diagram.

Considering that the constraints of PDN and natural gas
network are nonlinear, the second-order cone relaxation
method in [18] is applied. In this paper, the Yalmip tool is
employed to model and invoke the commercial solver Gurobi
9.1 to solve the problems in the MATLAB r2023a environ-
ment.

IV. CASE STUDIES

A. TEST SYSTEM DESCRIPTION

This study analyzes the improved IEEE 33-bus PDN [18] and
6-node natural gas network [35], as shown in Fig. 8. The
FCSs are connected to nodes 2 and 15 of the PDN. In the
natural gas network, node 1 is the supply node of the natural
gas supplier, node 2 connects to the GB, node 3 connects to
the GT, node 4 acts as the access node for the AE to supply
hydrogen. Nodes 5 and 6 are the access nodes for hydrogen
charging. Nodes 1 and 4 maintain a gas pressure range of [5]
and [6] Mpa, while the other nodes operate within a range of
[3] and [7] Mpa, as detailed in Table 4. IEEE 33-bus power
node corresponding functional area numbers are presented
in Table 5. The parameters of the system access equipment
of node 1 where the IES connects to the PDN, are listed in
Table 6. Considering the uncertainty of wind speed and solar
irradiance input data, the selected range values are shown in
Fig. 9. v¢i, Vra, Vour, and npy are 2.5, 7, 9 and 0.001. The
service life of WT and PV is 20 years. The prices of the upper
grid and natural gas are derived from the real-time wholesale
market prices, as depicted in Figure 10. The heating value of
natural gas is 12.125 kWh/kg. The carbon emission economic
coefficient is 0.12 CNY/kg. The parameters of the various
devices in the EHIES are shown in Table 7. The scheduling
cycle for the system spans one day, t=24 h, with 1-hour
scheduling intervals. The electric and heat load in this area
is shown in Fig. 11 (a). When there is a demand for hydrogen
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TABLE 4. Natural gas pipeline parameters.

Pipeline Start End Diameter(m) Length(m)
number node node
1 1 2 0.9 500
2 2 3 0.9 400
3 3 4 0.9 300
4 4 5 0.9 400
5 5 6 0.9 429
TABLE 5. IEEE 33-bus power node corresponding functional area
numbers.
Node Function Node Function Node Function
number zone number zone number zone
number number number
2 29 13 16 24 20
3 11 14 25 25 27
4 15 15 30 26 4
5 5 16 33 27 3
6 7 17 24 28 2
7 9 18 22 29 1
8 13 19 23 30 6
9 18 20 28 31 19
10 26 21 32 32 21
11 12 22 31 33 8,10
12 14 23 17

charging for HVs in the area, they visit the HCS, also known
as FCS. The hydrogen charging load of the HCS is displayed
in Fig. 11 (b). EVs in the region decide whether to charge
slowly or quickly, based on their specific locations. The
charging load connected to the PDN is illustrated in Fig. 11
(c). The active loads of PDN nodes corresponding to different
functional areas are shown in Fig. 11 (d).

B. EFFECTIVENESS OF COLLABORATIVE PLANNING
STRATEGE

To explore the influence of low-carbon power supplied by
an EHIES on IES in terms of planning outcomes and car-
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FIGURE 9. Input data: (a) Wind speed input data. (b) Solar irradiance input data.

—=— Electricity price
2 Carbon emission price
—8— Gias price

Jas
144

Price( ¥ /kWh)
Price(Y¥ /m?)

02} 1%¢
424
422
00 1 1 1 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18 20 22 24

Time(h)

FIGURE 10. Energy price analysis chart.

bon emissions, this study established two distinct simulation
scenarios: one for independent operation and the other for
coordinated operation.

Scenario 1: This scenario focuses on EHIES planning,
considering only the investment costs and their implications
for active network losses and voltage deviation within the
distribution network.

Scenario 2: In this scenario, EHIES planning is extended
to encompass the influence of EHIES generation on IES
carbon emissions. The low-carbon electricity provided by
EHIES to IES is coordinated optimized using the ADMM
algorithm.

Scenario 3: This scenario focuses on DES (only PV and
WT) planning, considering only the investment costs and
their implications for active network losses and voltage devi-
ation within the distribution network.

Scenario 4: This scenario uses the planning results of
Scenario 2. The low-carbon electricity provided by EHIES
to IES is optimized using the Big-M method.

Scenario 5: This scenario uses the planning results of Sce-
nario 2. In the second stage, carbon emission responsibility
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TABLE 6. Parameters of system access equipment.
Equipment lnstall.ed Operation Numerical
name capacity costs Parameters values
(kWh) (CNY)
77(,7 08
GT 2000 4.19
Aeor 0.65
WHB 1000 7.22 A, 0.85
GB 1000 14 Az 0.8
qu, 39.4
AE 600 3.75 Nige 0.6
uny 0.88
PEM
electrolyzer 42 3.75 Ment 0.57
ESS 1000 1.04 e [l 0.95
HSS 1000 0.36 new [ 0.92
A 0.98
HESS 1000 1.04
Ao s Ao 0.2,0.85
A 3.04
FC 100 2.95
NicesMren 0.6, 0.88
TABLE 7. Parameters of EHIES access equipment.
Equipment c, B, Max Operation
capacity
name (CNY/kWh)  (10%) (kWh) costs (CNY)
WT 4500 1.37 300 5.78
PV 3600 1.37 300 5.1378
PEM 2000 274 o 375
electrolyzer
HESS 3000 2.74 460 1.04
FC 4000 2.74 200 2.95

is not considered and EHIES does not provide low-carbon
electricity to IES.

Fig. 12 presents the iterative convergence results for Sce-
nario 2. The graph on the left shows the convergence achieved
after 31 iterations, while the graph on the right illustrates
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FIGURE 11. Regional load chart: (a) Electric and heat load data. (b) Forecasted hydrogen charging load for charging
stations. (c) Forecasted electric vehicle charging load. (d) Electric load connected to the distribution network.

the status of the ADMM iterations at the final iteration. This
iteration, the ADMM achieved convergence in 14 iterations.

The planning location and capacity results for the EHIES
are listed in Table 8. The capacity of the EHIES in Scenario
1 is smaller than that in Scenario 2, therefore, its active
network losses are smaller. The voltage deviation in Sce-
nario 2 is slightly lower than that in Scenario 1, and the
capacity configuration of the EHIES is more conducive to
the voltage quality of the PDN and the service life of the
equipment. Although the investment cost in Scenario 2 is
higher than in Scenario 1, the lifecycle operating cost in
Scenario 2 is significantly lower than this in Scenario 1.
Compared to upfront investment costs, operating costs should
not be underestimated. Compared to Scenario 1, Scenario
3 has significantly higher active power losses due to the
absence of a hydrogen energy system. Additionally, both the
investment cost and lifecycle operation and maintenance cost
are higher than those in Scenario 1.

Figure 13 illustrates the carbon emissions and operating
costs of the IES across five scenarios. It is evident that Sce-
nario 2 exhibits the lowest carbon emissions and operating
costs, whereas Scenario 1 demonstrates the highest carbon
emissions, and Scenario 3 incurs the highest operating costs.
Comparing Scenarios 1 and 2, it is apparent that Scenario
2’s carbon emissions are significantly lower due to its con-
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TABLE 8. Capacity planning results.

No Scenario 1 Scenario 2 Scenario 3
Access node 28 17 18
WT (kW) 147 300 162
PV (kW) 53 145 50
HESS (kg) 51 173 -
FC (kW) 9 11 -
Active network loss (p.u.) 0.052 0.067 0.077
Voltage deviation (p.u.) 29.85 27.47 27.41
Investment cost (10°
CNY) 1.125 2.519 1.242
Lifecycle Operating cost
(10° CNY) 191.667 184.367 200.173

sideration of lifecycle carbon emissions. In Scenario 5, the
neglect of low-carbon electricity supply has led to increased
IES carbon emissions. Furthermore, a comparison between
Scenarios 2 and 4 reveals that the ADMM algorithm produces
superior optimization results compared to the Big-M method.

Figure 14 presents the distribution of low-carbon electric-
ity supply across three distinct scenarios. The lowest supply
of low-carbon electricity is observed in Scenario 1. In Sce-
nario 4, the supply is lower than in Scenario 1 at 20:00 and
23:00. Conversely, Scenario 2 demonstrates a higher supply
compared to Scenario 1. Thus, it is evident that Scenario
2 yields better results in providing low-carbon electricity.
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FIGURE 14. Power provided by EHIES to IES.

The electrical system of the IES established in this study
consists mainly of GT, FC, AE, ESS, and EHIES. The ther-
mal system includes the GB, WHB, HSS, AE, and FC. The
optimization outcomes for the electrical and thermal systems
in Scenario 2 are shown in Fig. 15. and Fig. 16.
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FIGURE 16. Displays the optimization results for the thermal system.

Fig. 15. and Fig. 16. reveal the optimization results in
Scenario 2. During this scenario, the AE operates at maxi-
mum capacity primarily during off-peak hours, from 23:00
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FIGURE 18. Gas pressure at different nodes in the pipeline.

to 7:00. Hydrogen production gradually scales down from
8:00 to 22:00 as electricity prices increase. When hydrogen
production by AE exceeds consumption by FC, the HESS
initiates hydrogen replenishment. Surplus hydrogen is then
transported via pipelines to the FCS to meet regional hydro-
gen demand, concurrently generating revenue for the system.
Notably, FC power generation is predominantly concentrated
during peak electricity demand hours, utilizing hydrogen
from the HESS to meet regional electricity demand and off-
setting power supply deficiencies when the GT output is low.

Pipeline 3-5 are used to deliver hydrogen from the hydro-
gen energy system to the FCS. The gas balance within the
pipeline is depicted in Fig. 17. As Fig. 18. illustrates, during
gas transportation, the pressure between the nodes gradu-
ally decreases while remaining well within the safe pressure
range. This validates the safety of hydrogen supply within the
system.
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C. SENSITIVITY ANALYSIS

The carbon tax price affects the electricity supply and costs
provided by EHIES to IES. As shown in Fig. 19, the elec-
tricity supplied by EHIES to IES varies at different carbon
tax prices. It can be observed from the figure that the supply
of electricity from EHIES to IES increases with the increase
in carbon tax prices. Increasing the supply of electricity can
result in economic subsidies, thereby reducing the economic
costs of EHIES.

The operation of IES is influenced by the market prices
of electricity and natural gas. Fig. 20 shows the impact of
fluctuations in electricity and natural gas market prices within
+10% range on the economic cost of IES. It can be observed
that the fluctuation in electricity market prices has a signifi-
cantly higher impact on the system’s economic cost compared
to natural gas fluctuations.

Finally, the stochastic variations of solar and wind energy
are crucial factors affecting HEIES. Table 9 displays the
operational costs of both EHIES and DES (only PV and WT)
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TABLE 9. Comparison of operating costs between EHIES and DES under
different randomness.

Increment  Operating costs of ~ Operating costs of ~ Reduction
EHIES (CNY) DES (CNY) ratio
5% 27314.94 27957.95 2.23%
10% 26326.12 27098.28 2.85%
15% 26005.85 26917.81 3.39%
20% 26426.88 27008.97 2.16%
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FIGURE 21. The hydrogen increment and FC output of the hydrogen
energy system under various increments of renewable energy.

under different levels of randomness. It can be observed that
the operating costs of EHIES under different levels of ran-
domness are lower than DES without hydrogen equipment.
The incorporation of hydrogen equipment enables the utiliza-
tion of surplus energy from renewable sources, consequently
reducing the operating costs of DES.

Given that hydrogen equipment utilizes surplus energy for
hydrogen production, the discussion is confined to scenarios
involving an increase in renewable energy. Fig. 21 illus-
trates the hydrogen increment and FC output of the hydrogen
energy system under various increments of renewable energy.
The figure shows a noticeable rise in both hydrogen incre-
ment and FC output with the increasing levels of renewable
energy.

V. CONCLUSION

This paper presents a coordinated planning methodology for
EHIES that considerations of lifecycle carbon emissions.
Comparative scenario analysis involves two scenarios: inde-
pendent and coordinated operations. Analysis of the objective
function results, carbon emissions, and equipment operation
led to three key conclusions:

(1) The EHIES model significantly enhances the efficient
utilization of clean energy resources. In scenarios with sur-
plus renewable energy, excess electricity can be converted to
hydrogen using PEM electrolyzer and stored in the HESS.
This surplus electricity is then transmitted through the PDN
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to the IES, reducing the IES output and operating cost of the
system. This in turn improves the economic efficiency of IES
operations.

(2) During the planning phase, considering the lifecycle
carbon emissions of the EHIES equipment allows for the
effective quantification of unit power carbon emissions from
clean energy devices over their entire lifecycle. This enables
a more robust system operational strategy design, leading to
reduced overall carbon emissions.

(3) The inclusion of coordinated operation between the
EHIES and IES in the second planning stage effectively
reduces the total operating costs and carbon emissions of the
system. The EHIES benefits from additional revenue through
carbon emission subsidies provided by the IES, based on its
contributions. In the results analysis section, the coordinated
planning approach reduces the total operating costs by 3.81%
and carbon emissions by 15.89%.

This paper investigates the impact of coordinated planning
EHIES, considering lifecycle carbon emissions. However,
the uncertainty in the source and load may also influence
the supply of energy between devices in EHIES. If a more
accurate modeling of source and load uncertainty is consid-
ered during the planning, it could lead to better planning
outcomes. Furthermore, this study only takes into account
constraints related to the transmission of hydrogen and nat-
ural gas using natural gas pipelines after their mixture. The
coupling of PDN and natural gas pipelines with a strategy
for joint operation using electricity to hydrogen conversion
remains to be explored in further research. Some researchers
have considered the impact of extreme events when plan-
ning the system [36]. In planning hydrogen energy systems,
it is possible to increase consideration of the performance of
hydrogen equipment in extreme situations, utilizing hydrogen
equipment to mitigate the impact of extreme conditions on the
IES.
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