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Optimal Urban Multi-network Coordination
Considering Hybrid Pricing Strategy for
Electricity and Hydrogen Trading

Cun Zhang, Yifei Wang, Yujian Ye, Qingshan Xu, and Pei Zhang

Abstract—The growing demand for optimal urban multi-net-
work coordination has intensified the interdependencies among
urban transportation, energy systems, and carbon emissions,
with integrated charging stations (ICSs) playing a pivotal role
in this interconnected ecosystem. However, optimal coordination
across these networks and hybrid pricing strategy for electricity
and hydrogen trading remain significant challenges. This paper
presents an optimal urban multi-network coordination frame-
work, integrating the urban traffic network (UTN), power dis-
tribution network (PDN), urban hydrogen network (UHN), hy-
drogen supply chain (HSC), ICS, and carbon emission evalua-
tion. The proposed framework aims to maximize regional social
welfare, support low-carbon objectives, and optimize multi-net-
work coordination through a two-layer iterative optimization
process. Next, a hybrid pricing strategy for electricity and hy-
drogen trading is introduced, focusing on addressing urban safe-
ty constraints. This strategy employs peer-to-peer (P2P) trading
for transactions between logistics operators and ICSs. Finally,
simulation results on a IEEE 20-node UTN and IEEE 33-node
PDN validate the efficiency and accuracy of the proposed
framework, demonstrating improvements in multi-network co-
ordination, reductions in traffic congestion and hydrogen trans-
port risks, lower carbon emissions, and enhanced economic per-
formance of both ICSs and central hydrogen production facility
(CHPF).

Index Terms—Integrated charging station (ICS), carbon emis-
sion, multi-network coordination, urban traffic network (UTN),
power distribution network (PDN), hybrid pricing strategy, elec-
tricity and hydrogen trading, peer-to-peer (P2P) trading.

1. INTRODUCTION

YDROGEN is an efficient power source with non-pol-
lution outgrowth. The raw materials of hydrogen pro-
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duction can be diverse, including water, natural gas, and bio-
mass [1], [2] that are easy to obtain. However, high produc-
tion costs, infrastructure challenges, and few application sce-
narios limit the widespread adoption of hydrogen. With the
escalating energy crisis and renewable energy advancements
in power systems, green hydrogen produced from the electro-
lytic water has emerged as a promising solution for harness-
ing renewable energy and mitigating carbon emission [3],
[4]. International Renewable Energy Agency (IRENA) pre-
dicts that the cost of green hydrogen will drop below $1 per
kg by 2050, making green hydrogen more competitive [5].
Besides, National Energy Administration of China has re-
leased a medium and long-term plan for the development of
the hydrogen industry, promoting the importance of the
green hydrogen production. Hydrogen is getting further rec-
ognition worldwide as an exclusive energy solution and a po-
tential fuel as it offers carbon-free solutions.

Nowadays, the collaborative development and transforma-
tion of urban multi-energy systems is critical in meeting fu-
ture low-carbon energy needs. Traditionally, urban transporta-
tion and energy systems operate independently, with a weak
coupling between them. However, with the ongoing advance-
ments in electric and hydrogen energy, the integrated opera-
tion of urban traffic networks (UTNs) and electricity and hy-
drogen systems have become increasingly important. Despite
the potential benefits, hydrogen energy safety remains a sig-
nificant concern, with pipeline transportation posing unpre-
dictable security risks. In urban settings, using road transpor-
tation for hydrogen supply presents a viable alternative. Fur-
thermore, challenges related to pricing are introduced. Road
transportation requires the consideration of overall time-win-
dow demands and transportation costs, which complicates
route planning. As a result, the hydrogen supply chain
(HSC), particularly the hydrogen network, lacks a grid struc-
ture, making it difficult to apply traditional distribution local
margin price (DLMP) methods to determine node prices and
offer price guidance for integrated charging stations (ICSs).
Moreover, in previous research, ICSs have typically been
treated as standard facilities, without considering the unique
characteristics of their operators. Therefore, there is a need
to explore novel methods that not only ensure the profitabili-
ty of ICSs but also establish an effective hybrid pricing strat-
egy for electricity and hydrogen trading.

The urban hydrogen network (UHN) includes hydrogen
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production, storage, and transportation. Owing to the inter-
mittent nature of some auspicious renewable energy sources
such as solar and wind, hydrogen can take full advantage of
renewable energy sources and can be employed as an energy
carrier and storage media [6]. Most of the green hydrogen
production happens in the hydrogen generation stations
(HGSs) near the large-scale renewable energy base. Once hy-
drogen is produced, its storage presents a complex technolog-
ical challenge due to the flammable and combustible nature
of gas [7]. The hydrogen storage methods include com-
pressed hydrogen, liquefied hydrogen, cryo-compressed hy-
drogen, physically adsorbed hydrogen, metal hydrides, com-
plex hydrides, and liquid organic hydrogen carrier (LOHC)
or liquid organic hydrides [8], which can be roughly divided
into gas, liquid, and solid states. The most widely used meth-
od for hydrogen storage is the compressed hydrogen at high
pressure [9]. It is noted that existing fuel transportation infra-
structure that is used for other chemical fuels can also be
employed for hydrogen delivery [10]. However, hydrogen
transportation through pipelines could be significantly differ-
ent from natural gas pipeline transportation due to the em-
brittling effect of hydrogen on pipeline materials, leading to
increased transportation costs and safety risks [11]. Current-
ly, the European Union considers only 10% blending of hy-
drogen with natural gas for pipeline transportation [12].
Thus, hydrogen tube trucks (HTTs) and cryogenic liquid hy-
drogen trucks have become the most efficient transportation
patterns [13]. In this context, the coupling between the HSC
and urban traffic network (UTN) is inevitable. The planning
path generation of HTTs is similar to the vehicle routing
problem (VRP), which involves consumer demand, time-win-
dow constraints, and the same objective function for mini-
mizing the travel cost [14]. Day-ahead planning of HTT rou-
tines has become a conventional method [15]. With the com-
prehensive planning of hydrogen production, storage, and
transportation, the overall hydrogen industry chain has been
optimized.

In terms of the daily operation, single-level optimization
for the UHN mainly focuses on the production process and
model [16], [17]. Linearization coefficient of the hydrogen
production rate can greatly promote the calculation speed,
but with less concern of the production constraints [15]. The
startup and shutdown states of the electrolytic water device
(EWD) can be considered to depict the time-sequential of hy-
drogen production in detail [18]. Both models consider the
renewable energy curtailment that aims to minimize the sys-
tem cost. In terms of the growing trend of the diverse ener-
gy demands in urban areas, the coupling of UHN and power
distribution networks (PDNs) has become increasingly tight.
The intermittency of renewable energy output prevents the
hydrogen production station (HPS) from planless operation
[19], [20], where sometimes electricity purchase from the
PDN is inevitable to guarantee the hydrogen demand of the
consumers. Besides the stand-alone HPS, most grid-connect-
ed HPSs take peak-load shifting function [21]. Thus, re-
search on optimizing the interaction between PDN and UTN
can significantly reduce the risk of overload in PDN and im-
prove the utilization rate of renewable energy. Most of the
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bi-level coordinated optimization models of UTN and PDN
involve the maximum utilization of renewable energy and
safety boundary of the PDN operation [22], [23].

Pricing strategy is another key aspect in guiding orderly
hydrogen production and consumption, as well as reducing
wind and solar curtailment [24]. Previous studies have uti-
lized the DLMP as the charging price for electric vehicle
(EV) users at EV charging stations (EVCSs). In these cases,
Karush-Kuhn-Tucker (KKT) conditions [25] are introduced
to transform the dual-layer structure into a single layer, re-
ducing the computational burden of multi-network coordina-
tion. Additionally, demand response-based pricing strategies
have also been applied to EV charging [26], [27]. Besides,
hydrogen pricing plays a critical role in integrated electricity
and hydrogen systems, where market design and renewable
variability heavily influence cost formation. Studies show
that flexible electrolysis aligned with low electricity prices
can reduce hydrogen production costs, though initial under-
utilization may lead to higher prices before market maturity
[28], [29]. In local energy markets, hydrogen can be traded
alongside electricity, with prices shaped by real-time supply-
demand dynamics. A Shapley value-based profit allocation
method is applied in [30], assuming short-term fixed hydro-
gen prices within local integrated markets. Reference [31] in-
troduces an iterative clearing mechanism where hydrogen
prices reflect both trading bids and external hydrogen station
prices. Additionally, high transportation and storage costs
may significantly raise end-use hydrogen prices, emphasiz-
ing the importance of local production [29]. Despite the
progress, further research is needed to model dynamic hydro-
gen pricing under uncertainties of policy and infrastructure.
Therefore, it is imperative to explore new pricing strategies
to determine hydrogen node prices and optimize both trans-
portation and energy distribution.

The energy replacement process in urban areas can signifi-
cantly lower carbon emission levels. However, congestion in
the UTN may delay arrival time and increase carbon emis-
sions, as many drivers tend to leave their engines running
during traffic jams [32]. Additionally, the waste of renew-
able energy and the over-reliance on thermal power plants
exacerbate carbon emissions [33]. Therefore, an effective
method for carbon emission evaluation is crucial. Energy-car-
bon integrated prices [34]-[36], recognized as an efficient
method to promote low-carbon behavior, can optimize power
generation and distribution. However, the multi-network cou-
pling and coordination become increasingly complex due to
flexible demand and the need for coordination across differ-
ent timescales. Reference [37] proposes a novel low-carbon
EV charging coordination method for coupled transportation
and power networks, formulated as a bi-level optimization
problem. Flow tracing of carbon emission is adopted to com-
pute rational locational-differentiated price signals, demon-
strating an effective price incentive mechanism for low-car-
bon coordination in the UTN under uncertain traffic condi-
tions. Nevertheless, the coordination with the UHN, which is
a crucial component for achieving zero-carbon goals, has yet
to be adequately addressed in existing research.

In conclusion, the holistic modeling method facilitates the
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coordinated optimization of urban multi-networks, effective-
ly addressing significant challenges in system modeling com-
plexity and computational tractability. First, the coupling re-
lations of the UTN, PDN, UHN, HSC, ICS, and carbon
emission evaluation remain unknown, which makes the feasi-
ble region of urban multi-network coordination unclear. IC-
Ss, as the most important hub connecting UTN, PDN, UHN,
HSC, and carbon emission evaluation, cannot be simply re-
garded as mere energy replenishment facilities. They can al-
so have a significant impact on urban traffic flow and load
distribution through pricing strategies. Second, the hybrid
pricing strategy for electricity and hydrogen trading, which
involves numerous internal and external cost factors, still re-
quires a feasible solution. The hydrogen pricing strategy dif-
fers significantly from the electricity pricing strategy, which
can be derived through DLMP. The road-based HSC in-
volves traffic conditions, hydrogen production, and distance,
which can possibly impact the hydrogen pricing strategy. Fi-
nally, the research of carbon emission in the multi-network
coupling is insufficient. The carbon emissions, which include
the vehicle output in the UTN, the distributed generation in
the PDN, the congestion level of the UTN, etc., have not
been sufficiently studied. The method of evaluating the car-
bon emissions and analysis of their impact on the operation
optimization could be complex and imprecise. Therefore,
there is a need to develop a suitable framework that can opti-
mize the multi-network coupling operation and provide feasi-
ble hybrid pricing strategy for electricity and hydrogen trad-
ing for the ICS operators, so as to ensure the low-carbon
emission and cross the barriers of severe model nonlinearity
and non-convexity.

In order to close the research gap, this paper proposes an
optimal urban multi-network coordination framework. By an-
alyzing all the coupling relations between the different com-
ponents, the proposed framework induces a set of feasible
solutions that can effectively meet the demand, while consid-
ering the interactions between electricity and hydrogen trad-
ing, thereby ensuring efficient and sustainable system opera-
tion. The contributions of this paper are threefold.

1) An optimal urban multi-network coordination frame-
work is proposed that integrates UTN, PDN, UHN, HSC,
ICS, and carbon emission evaluation. The proposed frame-
work enables coordinated scheduling across these compo-
nents, improving efficiency, reducing operation costs, and
promoting carbon emission reduction.

2) An urban multi-network coordination model is devel-
oped to capture the interdependencies of UTN, PDN, UHN,
HSC, ICS, and carbon emission evaluation. The proposed
model facilitates optimized energy distribution, hydrogen lo-
gistics, and traffic flow management, offering a unified solu-
tion for urban multi-network coordination.

3) A novel hybrid pricing strategy for electricity and hy-
drogen trading is proposed, combining peer-to-peer (P2P)
trading for hydrogen with DLMP-based electricity pricing.
The proposed strategy enhances resource allocation efficien-
cy and supports low-carbon goals by optimizing the opera-
tion of both electricity and hydrogen markets.

The rest of this paper is structured as follows. Section II
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presents the optimal urban multi-network coordination frame-
work. The urban multi-network coordination model is pre-
sented in Section III. The hybrid pricing strategy for electric-
ity and hydrogen trading is presented in Section IV. Section
V presents the case study, and Section VI concludes the pa-
per.

II. OPTIMAL URBAN MULTI-NETWORK COORDINATION
FRAMEWORK

Figure 1 illustrates the decomposition of the proposed
framework structured into the upper layer and lower layer.
In Fig. 1, DG is short for distributed generation, and DT is
short for delivery truck. The proposed framework aims to co-
ordinate the operation of the UTN, PDN, and UHN through
a hybrid pricing strategy for electricity and hydrogen trad-
ing. Note that the detailed example of real-world map can be
observed in Supplementary Material A.

Upper layer

Upper layer 1
UTN and ICS demand profiles
EV and hydrogen vehicle (HV) charging behavior
Battery state of charge (SoC)
Traffic topology

Electricity Hydrogen
load load
Upper layer 2
1) PDN

DG and renewable energy output
Safety constraints
Load consumption

2) UHN

Hydrogen production
Hydrogen storage constraints
Electricity constraints

3) HSC

* DT capacity

* Supply time-window

* Traffic congestion constraints

Load J Charging

Lower layer

* Basic price of hydrogen supply
* P2P trading

» Feasible power capacity

* Feasible hydrogen supply capacity

Decomposition of proposed framework.

The upper layer is further divided into two sublayers. Up-
per layer 1 focuses on the demand side, including the UTN
and ICS demand profiles, EV and HV charging behavior,
battery SoC, and traffic topology. This sublayer captures the
spatio-temporal demand patterns of both electricity and hy-
drogen. Upper layer 2 addresses the supply-side and system
constraints, covering the PDN, UHN, and HSC. Specifically,
it considers DG and renewable energy output, safety con-
straints, and load consumption for PDN; hydrogen produc-
tion, hydrogen storage constraints, and electricity constraints
for UHN; and DT capacity, supply time-window, and traffic
congestion constraints for HSC. Together, these elements de-
fine feasible operation regions for electricity and hydrogen
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supply.

The lower layer integrates market signals and operation
feasibility. It determines load distribution, charging price, re-
fueling price under P2P trading, and traffic flow. This layer
also accounts for the basic price of hydrogen supply, P2P
trading, feasible power capacity, and feasible hydrogen sup-
ply capacity. In this way, the lower layer establishes the mar-
ket-operation interaction, enabling coordinated decisions
across the coupled systems.

In conclusion, the proposed framework is a bi-level prob-
lem with nest loops, which has never been considered in ex-
isting research.

III. URBAN MULTI-NETWORK COORDINATION MODEL

The proposed model outlined in this section includes the
UTN model, PDN model, UHN model with HSC, ICS mod-
el, and carbon emission evaluation model.

A. UTN Model

In the UTN model, gasoline vehicles (GVs), EVs, and
HVs constitute the primary components of the traffic flow.
The energy charging process for GVs is not discussed in this
paper. The charging behaviors and durations for EVs and
HVs differ, requiring them to charge or refuel in ICSs,
which leads to an optimal distribution of electric and hydro-
gen loads. The optimal traffic flow model is derived using
the modified user equilibrium-traffic assignment problem
(UE-TAP) [11], [17]. The linearization method can be ob-
served in [17], which allows for the determination of load
distribution and the congestion levels across the links, which
is not the main contribution of this paper. The objective func-
tion of UTN model is given by:

min wezta(xae)l:;+ z(wetke(xke)l};—‘rlf:. klé’w) +

acd kekK
w w SP rp.w
whztzt(xah)lah+ z(whtkh(xkh)’kh*'/lkh kh ) (D
acd keK

where a and 4 are the index and set of links of UTN, respec-
tively; k and K are the index and set of ICSs, respectively;
w, and w, are the unit time costs of EV and HV, respective-
ly; x,, and x, are the traffic flows of EV and HYV, respective-
ly; x,, and x,, are the traffic flows of EV and HV, respective-
ly; A% and A5¥ are the charging and refueling prices, respec-
tively; /2" and f4" are the traffic flows of EV and HV on
origin-destination (OD) pair w in path p, respectively; ¢, is
the time function; ¢, and ¢, are the binary variables indicat-
ing whether EV and HV are on OD pair w, respectively; 7,
and ¢, are the time functions of EV and HYV, respectively;
and z;, and 1, are the binary variables indicating whether EV
and HV on OD pair w pass ICS k, respectively. 4;" equals
the dual multiplier A¥ of PDN, and A;; can be calculated
through the energy trading. The UTN model can deliver elec-
tricity and hydrogen loads to the PDN and UHN, and deliv-
er traffic flow to the HSC and carbon emission evaluation
for further optimization and evaluation.

B. PDN Model
After the electricity load is obtained by UTN model, the
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power flow distribution over PDN is generally obtained by
solving the alternating current optimal power flow (ACOPF)
problem, which is non-convex and NP-hard. Pursuing tracta-
bility, convex relaxation is performed, resulting in the formu-
lation of the second-order cone programming (SOCP) prob-
lem. The formulation of PDN model is expressed as:

min{ z (cﬁ(PiDG)2+c?PiDG) +O'PDRS:| ?)

ie DG
s.t.

P —r 1, +P'=>P, Vi 3)

Qi,j_xzzjli,j"'QiV: sz,i vj @)

PN=pPCy pPRy pEY_pP_pEV_prN vy (5)

0'=07°-07 Vi (6)

PPR=PPrO—_pPPES v (7

2 . .

U=U==2(r, P, +x,0,,) + (r,4x,) 1, ViVj (8)

I,.,./.U,.ZP,%/+Q§/ Vi, Vj 9)

JPL+0; <SS Vi (10)

Ui.minSUiSUi,max VI (11)

Pl SPPOSPl. Vi (12)

QP <0<, Vi (13)

where i and j are the indexes of PDN nodes; DG is the set
of PDN nodes; P,; and Q,; are the active and reactive power
flows of line (i,j), respectively; P”* and PP*¢ are the spill-
age amount and total amount of distributed renewable gener-
ator (DRG) in PDN, respectively; o is the penalty coefficient
for the spillages of DRG; ¢! and ¢! are the linear and qua-
dratic cost coefficients of DG, respectively; U, is the volt-
age; PP and Q? are the active and reactive power of residen-
tial load, respectively; 7, ; and x, ; are the resistance and reac-
tance of line (i, i ), respectively; /;; is the square of the cur-
rent of line (i, J ); Sf;"e is the allowable maximum apparent
power of the line (i,j); P™* is the DRG consumption; PZ" is
the active power purchased from the upper grid; P/” is the
active power of EV; P*" is the active power for hydrogen
production; P”° and Q"¢ are the active and reactive power
of DG, respectively; PV and QV are the active and reactive
power in PDN, respectively; and subscripts min and max
represent the low and upper bounds of corresponding vari-
ables, respectively.

The objective function (2) combines the cost of the DG
and the punishment of renewable energy spillage. Con-
straints (3) and (4) present the node active and reactive pow-
er balances for each PDN nodes, respectively. Constraints
(5) and (6) represent the node net active and reactive power
generation, respectively, where the load of the EV charging
is obtained by the UTN model. Constraint (7) expresses the
usage of the renewable energy at PDN node. Constraint (8)
describes the voltage magnitude drop for each line, while
constraint (9) performs the second-order cone relaxation.
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Constraints (10) and (11) represent the thermal and square
voltage magnitude limits, respectively. Constraints (12) and
(13) detail the minimum and maximum limits for active and
reactive power output of DG, respectively. Additionally, the
load of the UHN and ICS should also be concluded and will
be discussed in the following sections.

C. UHN Model with HSC

The UHN model with HSC mainly includes hydrogen pro-
duction, storage, and delivery. Due to financial and safety
concerns, the central hydrogen production facility (CHPF)
should be built near the renewable energy station and adopt
the power of renewable energy priorly. The model of hydro-
gen production at CHPF node &, [/, is expressed as:

elz RN, h

ew_ M P

"= IV (14)
where 5 is the efficiency of electrolyzing water; and LHV
is a constant value. The hydrogen production process is time-
varying which does not match the 5-15 min dispatching time
of the power grid. For simplicity, it is assumed that the aver-
age production rate of hydrogen remains unchanged during
the dispatching period.

The constraint of hydrogen storage is:

Utank
RgasTtank (15)

where R is the gas constant of hydrogen; U“™* and T™"*
are the volume and temperature of hydrogen storage tank, re-
spectively; e is the pressure of hydrogen storage tank; e
is the original pressure of hydrogen storage tank; and [” is
the output of hydrogen storage tank.

The capacity of hydrogen storage tank at CHPF u

be expressed as:

(etank_ egank) — lelw_ lout

tank

tank can

ek — uzmk + (lelw _ loul) (16)
tank

where u;™ is the original capacity of hydrogen storage tank
at CHPF. After the hydrogen is produced, it needs to be lig-
uefied before being transported. Considering the low temper-
ature of liquid hydrogen storage tank and the pressure re-
quirements, safety constraints can be concluded as:

tank tank tank
€ min <e < € max (17)

tank tank tank
Unnin <u < U hax (1 8)
0 <l (19)

Since the hydrogen load includes the ICS refueling de-
mand and industrial loads, the total hydrogen load can be ex-

pressed as:
Lluud — Lindustrial LICS
v EZI‘ILS ! v ;HLS ! i v ;HLS ! (20)
sum(l"”’) :sum(Lf"’d) 21

where v represents the hydrogen load node in UTN, which
belongs to HLS index, i.e., HLS; and L™, L and L'
are the hydrogen loads for total hydrogen load, industrial hy-
drogen load, and HV refueling load in ICSs, respectively.
Constraint (21) represents that the CHPF output should
equal the hydrogen demand. The objective function of UHN
model is given by:
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min FCHPF: z /Ifypfy (22)
heH
where F" is the cost of the CHPF purchased from the up-
per grid; H is the set of CHPF nodes; and 4;" is the electrici-
ty price purchased by CHPF from the upper grid. For most
of the research, hydrogen is transported through the natural
gas pipeline, which we think is a big safety hidden trouble
for the urban area. Thus, the hydrogen transportation in this
paper, i.c., the HSC, is through DT. The HSC model can be
referred in [23]. Note that the price of the CHPF is added as
the constraint in the HSC, which is expressed as:
minFHSC: zaDTTarr
teT

where F™5¢ is the total cost of HSC; &’ is the unit cost of
DT; ¢ and T are the index and set of time periods, respective-
ly; and 7" is the arrival time of DT for delivery task. Equa-
tion (23) will be added to the objective function to minimize
HSC costs, thereby obtaining the price of CHPF transporta-
tion for participating in P2P trading. The linearization meth-
od can be observed in [23].

D. ICS Model

After modeling the urban multi-network is modelled, the
model of the energy sellers in the urban area should also be
considered. The ICSs are the facilities that can sell electrici-
ty and hydrogen together. The ICSs in this paper can be sort-
ed into two categories, i.e., the central integrated charging
station (CICS) and the normal integrated charging station
(NICS). The differences between CICS and NICS are the
trading permission and the facilities, where the CICS has the
same character as the virtual power plant (VPP) and can
trade hydrogen and electricity to other NICSs. ICSs can pro-
vide the energy charging service for EVs and HVs. The ba-
sic model can be observed in [37], which will not be dis-
cussed in this paper.

(23)

E. Carbon Emission Evaluation Model

After all the optimization processes are completed, the car-
bon emissions of the multi-network should be evaluated. In
the urban area, the source of carbon emission can be diversi-
fied, which is mainly devoted by the vehicles in the UTN
and the power source of the PDN. DG in the urban area can
be regarded as the thermal power plant. The formulation of
carbon emission of the thermal power plant E¢j can be ex-

pressed as:
N
Eg5,=e0. 2P (24)
i=1
where y¢g is the carbon emission coefficient of DG; and N

is the total number of DG nodes.

The electricity purchased (or bought, denoted by the super-
script BY) from the upper grid is regarded as the same as
the carbon emission from the thermal power plant, which
can be expressed as:

N

BY _ BY BY
Ecoz—VcozzPi

i=1

(25)

In this paper, the carbon emission for renewable energy in
the power plant and the integrated energy system is regarded
as zero. Thus, the total carbon emission of PDN with inte-
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grated energy system E[o" can be expressed as:

Elo =Eco,+Eco, (26)

Besides, the UTN also devotes most of the carbon emis-

sion due to the vehicles. The carbon emission of GV E¢,,
can be expressed as:

yéo,D

nICE

E&= 7)
where #'“F is the carbon emission transfer coefficient of inter-
nal combustion engine (ICE) in GV; y%z is the carbon emis-
sion coefficient of GV; and D is the total distance that the
vehicles pass.

The carbon emission of EV Egg can be expressed as:
yco, DP™

EV _
ECO: - EM

(28)

where yf, is the carbon emission coefficient of EV; 7" is

the carbon emission transfer coefficient of electric motor
(EM) in EV; and P*" is the electricity consumed by the EVs
during the journey to their destination. Since the renewable
energy is considered with zero carbon emission, P*" should
be further converted to the adjusted EV electricity consump-
tion for carbon emission calculation P*", which is expressed

as:
P=—— (29)

where P, is the total electricity consumed by the multi-net-
works. Equation (29) represents the carbon emissions solely
attributed to the DG output (including the battery storage,
etc.). Moreover, the traffic congestion can produce more car-
bon emissions due to the engine still being activated. Thus,
the total carbon emission of UTN E;" should be modified
as:

UIN _ 7 GV EV Congestion
ECO2 —EcoZ + Eco2 + Eco2

N
Congestion
Vcozg ’ zta
a=1
N (€1Y

2 taO

a=1

(30)

Congestion __
E co -

where E55#“™" is the carbon emission caused by traffic con-
gestion; 7, is the free flow time of link a; and y&y*™” is the
carbon emission coefficient of the traffic congestion. The to-
tal carbon emission £/ in this paper is expressed as:
Total _ 17 PDN UTN
ECOE —ECOI +ECOZ

(32)

With the formulations above, the carbon emission in the
urban area can be obtained.

IV. HYBRID PRICING STRATEGY FOR ELECTRICITY AND
HYDROGEN TRADING

Pricing plays a key role in aligning the coordination of
the multi-network by influencing energy distribution, de-
mand response, and traffic flow. By adjusting prices, the pro-
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posed framework can effectively balance the supply and de-
mand of electricity and hydrogen, ensure optimal resource al-
location, and foster smooth collaboration of UTN, PDN, and
UHN with HSC.

A. Hybrid Pricing Strategy for Hydrogen

In the past, hydrogen network calculations typically deter-
mine the hydrogen price through pipeline modeling, with hy-
drogen energy being transported via pipelines by default.
However, in practice, due to the embrittlement effect of hy-
drogen on pipelines and safety concerns, the use of highway
hydrogen transport is considered more promising. This meth-
od avoids the pipeline-related risks, offering a more flexible
and safer transport solution. There is no fixed path for the
HSC, and the optimal path needs to be determined through a
collaborative evaluation of road operations, hydrogen load
demand at each road node, and hydrogen production status.
Such a problem is akin to the VRP, where the optimal routes
need to be identified dynamically based on these factors. In
this paper, hydrogen procurement is divided into multiple
channels. The first is the purchase from CHPF in PDN. The
characteristics of such facilities are well-defined, and hydro-
gen production is influenced by the synergistic effect of new
energy, regional hydrogen demand, and economic factors.
The second is the ICS within the region, which is abundant
in renewable energy sources. These stations not only meet
their own energy demands but also serve as energy retailers,
providing supplemental energy to other ICSs in the area.

CHPF is the main hydrogen provider in the urban area,
where all the ICSs can purchase hydrogen from the CHPF.
In this paper, the CHPF is assumed to be the same company
as the ICSs, which means the hydrogen price of the CHPF
only depends on the logistics cost. The logistics cost 4.7
can be divided into two aspects, which are the basic cost for
the distance AS""""** and the risk cost 4.7 for the con-
gestion on the links.

CHPF __ 7 CHPF, base CHPF, risk
/114.,\ _iu,v +iul (33)
CHPF, base __ ,,CHPF, base travel
A’ u,v =a D u,v (34)
u,ve VRP,u#v

where a“FF-be¢ js the basic unit cost coefficient of CHPF; u

and VRP represent the node index and set of routes obtained
by VRP, respectively; u, v represents the delivery route seg-
ment starting from node u and ending at node v; and D%
is the travel distance. Note that D" can be obtained by the
VRP simulation result.

JCHPErISE can be expressed as:

u,v
t,(u,v)
u,ve VRP,u#v tao(u7 V)

The larger the 25" the higher the risk level for hydro-
gen transportation exploration.

Besides the CHPF, some ICSs in the urban area can also
provide hydrogen for the other ICSs due to the coordination
production of HPF and facilities in ICSs. ICSs that have the
abilities and are authorized to sell the hydrogen are referred
to as the CICS, while the other ICSs are the NICS. Thus,
the hydrogen trading in the urban area has become a hybrid

attribute hydrogen-trading model that considers the hydrogen

ACHPF, risk _
u,v -

(35)
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supply cost and P2P bidding. The formulation of the objec-
tive function is:

IS NICS
P2P y NICS
max z 2/1,” L,, (36)
u=1v=1

where 17°" is the P2P trading cost; IS is the total number of
the CHPFs and CICSs; NICS is the total number of NICSs;
and L) is the trading hydrogen of NICS, which should fol-
low constraint (37).
CHPF CICS

Lit= > LS+ LS, (37)
h=1 v=1
where hu,v represents the hydrogen delivery from CHPF
node 4 at node u to node v; LSy is the hydrogen traded
from the CHPF; CHPF and CICS are the total numbers of
CHPFs and CICSs, respectively; and LSS is the hydrogen
that can be purchased from CICS.

Besides constraint (37), the constraint for P2P trading
should also be stated as:

fo{,CS <LSMPF 4+ LSS

u=1

(3%

where NIS is the total number of NISs.

Constraint (38) denotes that the hydrogen demand in the
urban area should be less than the hydrogen production in
the urban area. The formulation for the hydrogen that can be

purchased from the CICS is expressed as:
CICS

2 ( LPCICS | [ GCHPF _ | LCICS)

hu,v

CICS _
L S wy

(39)
hu=1

where LPS“ is the hydrogen production for CICS; and

LLS™ is the hydrogen consumption for CICS.

Based on the principle of profit maximization, NICSs can
choose to sell hydrogen directly or retain inventory and
trade it when prices rise. For social welfare purposes, CICSs
are required to fully cover regional hydrogen demand and
supply reserved hydrogen to make up for insufficient supply
from NICSs, as expressed by:

CICS

z LS CICS >, [ NICS
u=1

u,v

(40)

where LLM is the hydrogen consumption for NICS. The hy-
drogen traded by NICSs should also be positive.

LN >0 41)
Additionally, constraint (42) should be followed, which

means hydrogen demand for ICS LL!® equals the sum of
LLE for CICS and hydrogen demand for NICS, i.e., LLY'“5.

LL'S = LLES 4 LY ” (42)

Moreover, the P2P price of CICS A" should also be di-
vided into two parts as:
ACICS:iil‘/Cs,baSe+iuC’IVCS.bid

u,v

(43)

CICS, base __ , CICS, base travel
/1 u,v =a D u,v
u#i,u € VRP

(44)

where 1'“P¢ is the basic hydrogen trading cost from CICS;

and a is the unit cost of hydrogen supply route; and
2SS0 s the bidding price of CICS, which is derived from
the pricing curve, and can also be applied to other pricing
strategy. Thus, the pricing strategy of P2P A" can be ex-

CICS. base
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pressed as:
PP _ {iCHPF ACICS} (45)
From the constraints above, the formulation of the hybrid
pricing strategy for the hydrogen can be obtained as:

IS NIS ) s
max AL
; VZ' (46)

st. (33)-(35), (37)-(45)

With the formulation above, the hydrogen price for each
ICS can be obtained. In this paper, each station can realize
the behavior of purchasing and selling hydrogen through its
own strategies. Moreover, hydrogen can also be delivered be-
tween stations through trading to reduce the pressure of
CHPF and avoid the losses caused by the high procurement
cost of distant ICSs or the loss of users caused by the in-
crease of hydrogen selling price.

B. Pricing Strategy for PDN

The pricing strategy for PDN could be varied including
the P2P trading, P2P bidding, etc, which has been discussed
in many other research works and is not the main contribu-
tion of this paper. In this paper, the PDN price is obtained
through the dual multiplier of (3), which can reflect the elec-
tricity load distribution and is regarded as the pricing strate-
gy for the ICSs. Besides the formulations above, the linear
method can be observed in Supplementary Material B.

V. CASE STUDIES

A. Parameters of UTN and PDN with UHN

The case studies of this paper are through the simulation
of multi-networks. IEEE 20-node UTN and IEEE 33-node
PDN with their coupling relation are shown in the Supple-
mentary Material C Fig. SC1 and Tables SCI-SCIII. All the
simulation is calculated on an i7-13700k, 32 GB RAM desk-
top. The mode is coded in MATLAB 2021a with YALMIP
toolbox and solved by Gurobi.

B. Different Cases for Proposed Framework

The diversification of energy supply and demand in the ur-
ban areas leads to the main reason for the changeable distri-
bution of the traffic flow and charging behavior. Three differ-
ent cases are designed to validate the efficiency and the per-
formance of the proposed framework.

1) Case I

In case 1, no P2P trading is involved and CHPF is the
sole provider of hydrogen for all ICSs, indicating the ab-
sence of other competitors in the area. The ICSs function
solely as energy suppliers. The iterative process terminates
after five rounds, including the final validation iteration. The
traffic flow on each link for case 1 before and after price op-
timization is illustrated in Fig. 2. As shown in Fig. 2, the
congestion on several links is reduced, while some links ex-
perience more severe congestion due to their proximity to
the origin points of the OD pairs. The effectiveness of the
price incentive mechanism in directing traffic flow is evi-
dent. To better illustrate this effect, the congestion levels for
the links and ICSs in case 1 are presented in Fig. 3.



1498
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Fig. 2. Traffic flow on each link for case 1 before and after price optimiza-
tion.
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Fig. 3. Congestion levels for links and ICSs in case 1.

As shown in Fig. 3, the congestion levels for links and IC-
Ss with EV are higher than that for ICSs with HV due to the
scale. Moreover, the congestion level for ICSs with EV is re-
duced at each iteration due to the guidance of the pricing
strategy. Additionally, the calculation results of charging and
refueling in ICSs for case 1 are presented in Table I, where
P, 3¢, L, and 1" are the EV charging power, EV charging
price, HV refueling quality, and HV refueling price, respec-
tively.

TABLE I
CALCULATION RESULTS OF CHARGING AND REFUELING IN ICSs FOR CASE 1

ICS number P (kW)  A°($kWh) L™ (kg) A" ($/kWh)
1 900.000 1371 220.000 1.293
2 777.893 1.370 217.447 1.000
3 710.000 1.365 182.012 1.600
4 900.000 1.363 214.703 0.733
5 525.744 1.359 220.000 0.733
6 513.000 1.363 94.553 1.533
7 669.362 1.381 219.999 0.933
8 475.500 1.394 220.000 1.227

As shown in Table I, most ICSs have reached their upper
charging and refueling limits due to the influence of traffic
flow and varying prices. The disparity of A" is greater than
that of A°, primarily due to the absence of a hydrogen net-
work and route selection by HSC. The costs of the multi-net-
work coordination for case | are detailed in Table II.

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 14, NO. 4, July 2026

TABLE 1T
COSTS OF MULTI-NETWORK COORDINATION FOR CASE 1

Cost after 1% Cost after 2" Cost after 3™

ftem iteration (10* $) iteration (10* $) iteration (10* $)

UTN 1785.986 1211.168 1213.506
PDN-UHN 627.982 628.478 628.478

ICS 159.323 158.872 158.872

As shown in Table II, the costs of the UTN and PDN-
UHN decrease after three iterations. The total earnings of
the ICSs initially increase slightly but then decrease due to
price fluctuations. Overall, the simulation results align well
with the expectations of the objective function.

2) Case 2

P2P trading is included in case 2. CHPF and CICSs col-
laboratively support the hydrogen supply in the urban area.
CICSs operate as VPPs, trading the hydrogen within the P2P
trading framework. The renewable energy output in the
VPPs is set to be 120 kW and 60 kW, respectively. The itera-
tive process converges after four iterations, with the final it-
eration used for result verification. The traffic flow on each
link for case 2 before and after price optimization is illustrat-
ed in Fig. 4.
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Fig. 4. Traffic flow on each link for case 2 before and after price optimiza-
tion.

As shown in Fig. 4, the traffic flow results in case 2 differ
slightly from those in case 1, indicating that traffic saturabili-
ty has reached a very high level. The congestion levels for
links and ICSs in case 2 are presented in Fig. 5.

0.01219¢ —— Congestion level for links 11.8
001218 Congestion level for ICSs with EV
01 — Congestion level for ICSs with HV 11.6

£ 0.01217¢ 1148
8 0.01216} l1a &
) I )
E 0.01215 Lo 2
5 0.01214] los 5
2 0.01213} g
e 106 &
§ 0.01212} b 5
Q O
0.01211} 10.4
0.01210, 3 302
Iteration
Fig. 5. Congestion levels for links and ICSs in case 2.
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As shown in Fig. 5, the congestion levels in case 2 show
a notable increase compared with those in case 1. However,
the congestion level for ICSs with EV remains nearly un-
changed due to the consistency of electricity trading. In case
2, the available renewable energy is sufficient to meet all the
demands, which means that P2P trading can help lower the
congestion level for ICSs. The calculation results of charg-
ing and refueling for ICSs in case 2 are presented in Table
1.

TABLE III
CALCULATION RESULTS OF CHARGING AND REFUELING FOR ICSS IN CASE 2

ICS number P (kW)  A°($kWh) L% (kg) A" ($/kWh)
1 900.000 1.371 220.000 1.533
2 777.893 1.370 220.000 1.167
3 710.000 1.365 220.000 2.000
4 900.000 1.363 220.000 0.917
5 525.744 1.359 220.000 0.917
6 513.000 1.363 73.339 2.000
7 669.362 1.381 220.000 1.167
8 475.500 1.394 220.000 1.533

As can be observed in Table III, the results of P and A°
are the same as those in case 1, while the results of L and
A" are larger than those in case 1 due to the participation of
the P2P trading. Note that the results of L?" are larger than
those in case 1, which is not an error of the function. High
A" will prompt HV users to carefully select their refueling op-
tions and avoid refueling at ICSs with high prices unless nec-
essary. ICS2 is the necessary station where most HVs must
pass. Thus, HV would choose to refuel in ICS2 rather than
ICSC6 with the same A", since ICS6 is far from most of the
OD destination. The hydrogen provided by CHPF and CIC-
Ss can be observed in Supplementary Material C Fig. SC2.
The costs of multi-network coordination for case 2 can be
observed in Table IV.

TABLE IV
COSTS OF MULTI-NETWORK COORDINATION FOR CASE 2

Cost after 1% Cost after 2" Cost after 3™

Tterm iteration (10* $) iteration (10* $) iteration (10* $)

UTN 1785.986 1218.610 1222.921
PDN-UHN 628.817 628.774 628.774

ICS 159.323 161.334 161.334

As shown in Table IV, the costs of the UTN and ICS in
case 2 are slightly higher than those in case 1, primarily due
to that the P2P trading among ICSs increases the operation
cost. This trading allows ICSs to generate higher profits,
while HVs are incentivized to reach their destinations with-
out over-refueling. Besides, the cost of the PDN-UHN slight-
ly increases, as the energy selling prices of refueling in case
2 are higher than those in case 1.

3) Case 3

Case 3 includes the P2P trading. The hydrogen production

from CHPF is insufficient due to facility breakdowns or a
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lack of renewable energy from distant sources. As a result,
the CICSs become the primary hydrogen providers, effective-
ly demonstrating the advantages of this type of VPP. The
traffic flow on each link in case 3 before and after price opti-
mization is illustrated in Fig. 6.
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Fig. 6.
tion.

Traffic flow on each link in case 3 before and after price optimiza-

As shown in Fig. 6, the traffic flow results differ slightly
from those in the previous cases, with variations observed
on a few links such as links 23 and 24 that have a minimal
impact on the overall multi-networks. The congestion levels
for links and ICSs in case 3 are presented in Fig. 7.
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Fig. 7. Congestion levels for links and ICSs in case 3.

As shown in Fig. 7, the congestion levels for links and IC-
Ss remain consistent with those in case 2 due to the un-
changed charging and refueling demands. The calculation re-
sults of charging and refueling for ICSs in case 3 are provid-
ed in Table V. As shown in Table V, the results of L7 in
case 3 are reduced, especially in ICS5 and ICS6. This reduc-
tion is mainly attributed to the limited hydrogen supply from
CHPF, which elevates reliance on the CICSs while increas-
ing the volatility of hydrogen prices. Nevertheless, the re-
sults highlight the resilience of the CICS-based VPP mecha-
nism, which ensures system continuity under constrained
supply conditions, albeit with higher refueling costs and un-
even price distribution. In certain ICSs, the refueling prices
are significantly higher, which is attributed to their strategic
locations, as HVs cannot reach their destinations without re-
fueling in these ICSs. The hydrogen provided by the CHPF
and ICSs is presented in Supplementary Material C Fig.
SC3. The costs of multi-network coordination in case 3 are
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detailed in Table VI.

TABLE V
CALCULATION RESULTS OF CHARGING AND REFUELING FOR ICSS IN CASE 3

ICS number P (kW)  A°($kWh) L7 (kg) A" ($/kWh)
1 900.000 1371 220.000 1.045
2 777.893 1.370 220.000 2.053
3 710.000 1.365 220.000 1.437
4 900.000 1363 220.000 1.803
5 525.744 1.359 132.951 1.033
6 513.000 1.363 141336 2.109
7 669.362 1381 220.000 1.320
8 475.500 1.394 218.782 1.687
TABLE VI

COSTS OF MULTI-NETWORK COORDINATION IN CASE 3

Cost after 1*  Cost after 2"  Cost after 3  Cost after 4"

Item iteration iteration iteration iteration
(10*$) (10*$) (10*$) (10*$)

UTN 1785.986 1217.995 1220.525 1218.215

PDN-UHN 135.441 135.494 135.485 135.473

ICS 159.323 161.334 161.334 161.334

As shown in Table VI, the costs of the UTN and ICS ex-
hibit minimal differences between cases 1 and 2, while the
cost of the PDN-UHN significantly decreases due to that the
cost of the HSC could be far less than the electricity pur-
chased from the upper grid. These results highlight the cru-
cial support function of VPPs in urban areas.

C. Carbon Emission Comparison in Different Cases

The carbon emission coefficients of DG, EV, GV, and con-
gestion level are 25.8 gCO,/kWh, 0.107 gCO,/m, 2.9251
gCO,/m, and 0.5 gCO,/s, respectively. The comparison of
carbon emission amount of cases 1-3 before and after price
optimization is presented in Table VII.

TABLE VII
COMPARISON OF CARBON EMISSION AMOUNT IN CASES 1-3 BEFORE AND
AFTER PRICE OPTIMIZATION

Carbon emission amount (kg)

Beforeprice Ml priee  Diffrence
1 7936.9496 7917.2930 -19.6566
2 7936.9496 7901.0634 —35.8862

8671.0394 8655.6927 —15.3466

The carbon emissions per minute in the urban area are sig-
nificantly reduced with the integration of CICSs. As shown
in Table VII, while case 3 exhibits the highest absolute car-
bon emissions, it also demonstrates the largest reduction in
carbon emissions due to the extensive utilization of renew-
able energy within the CICSs, which means the CICSs pro-
vide the electricity for PDN. This indicates that CICSs effec-
tively leverage renewable energy sources to offset emissions,
even in scenarios with high initial emissions. Besides the to-
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tal carbon emission, the proportion of different parts for the
carbon emissions has also been calculated. The proportion of
carbon emissions from each component can be obtained
based on (24)-(32) by dividing the carbon emission of each
part by the total carbon emissions. The emission profile in
cases 1 and 2 is dominated by congestion related sources
(65%). GV emissions make up 24%, followed by EV emis-
sions at 8% and DG emissions at 3%. These results indicate
that inefficient traffic flow and vehicle idling are the primary
sources of carbon emissions, with relatively low contribu-
tions from the energy system side. The minimal share of DG
suggests limited reliance on DG in this scenario. In contrast,
case 3 exhibits a significantly different emission profile. The
congestion and DG each account for 40% of total emissions,
while GV emissions fall to 14% and EV emissions decline
modestly to 6%. This shift demonstrates that the participa-
tion of CICSs in P2P hydrogen trading effectively mitigates
traffic-related emissions but introduces higher dependency
on DG, highlighting a trade-off between transport-side and
energy-side carbon emission reduction.

Overall, the transition from cases 1 and 2 to case 3 re-
flects a notable improvement in traffic-side carbon emis-
sions, yet the increase in DG emissions underscores the need
for further integration of renewable energy sources to avoid
carbon leakage. These findings validate the effectiveness of
the proposed framework in enhancing multi-network coordi-
nation, optimizing traffic and energy operations, and promot-
ing carbon emission reduction in urban areas.

The results highlight that the integration of CICSs can sub-
stantially lower carbon emission levels in urban areas across
various conditions, reinforcing the importance of incorporat-
ing CICSs into urban multi-network coordination to achieve
sustainability goals and mitigate environmental impacts.

The case studies validate the proposed framework and
strategy across three cases. In case 1, traffic congestion is al-
leviated to a certain extent, but the hydrogen price variance
among ICSs remains high due to uncoordinated logistics and
inflexibility. In contrast, case 2 enhances flexibility and eco-
nomic efficiency. This leads to more balanced hydrogen dis-
tribution, mitigated congestion in ICSs, and improved profit
margins, while enabling load-responsive price differentiation.
In case 3, CICSs serve as vital backup providers, demonstrat-
ing strong resilience and supporting system continuity with
minimal impact on traffic dynamics. Although this case
yields higher dependence on DG, the overall framework still
achieves carbon emission reduction through better traffic
flow and localized usage of renewable energy.

Quantitatively, total carbon emissions decrease by 19.66
kg, 35.89 kg, and 15.35 kg in cases 1-3, respectively, with
congestion consistently being the dominant emission source.
Case 3 shows a shift in emission composition, i.e., DG emis-
sions rise due to reduced CHPF capacity, but emissions from
congestion and GVs fall significantly. These results highlight
the ability of the proposed framework to adaptively balance
traffic and energy emissions, maintain profitability, and re-
spond to renewable intermittency.
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VI. CONCLUSION

This paper presents a novel framework to optimize urban
multi-network coordination by integrating the UTN, PDN,
UHN, HSC, and carbon emission evaluation. The proposed
hybrid pricing strategy for electricity and hydrogen trading,
particularly the P2P trading strategies, has shown significant
effectiveness in reducing carbon emissions and improving
the overall efficiency of the proposed framework. The case
studies demonstrate how this framework not only optimizes
traffic flow but also enhances the coordination between
multi-network, especially through the role of CICSs, which
lead to substantial carbon emission reductions.

The findings emphasize the practical importance of inte-
grating multi-network, highlighting how the proposed strate-
gy can reduce congestion, optimize hydrogen distribution,
and promote low-carbon solutions. Future research will fo-
cus on refining the method to ensure global optimality, as
well as integrating real-time data analytics to enhance the
adaptability of the system in dynamic urban environments.
Moreover, expanding the model to include additional energy
carriers, such as thermal energy or natural gas, and incorpo-
rating multiple transportation modes, will provide a more
comprehensive and robust solution for achieving urban sus-
tainability and supporting decarbonization efforts.
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