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Abstract

Hydrogen energy plays an important role in improving the operation efficiency and reliability of power systems with high
renewable energy penetration. Hydrogen to power (HtP) system is the key link of hydrogen applications. However, the
single HtP equipment is limited in power output range and efficiency. Hybrid HtP system is an important scheme to realize
the performance complementary. However, the hybrid HtP system is coupled with hydrogen system and power system. The
characteristics of each subsystem and coupling characteristics are complex. In addition, the multiple support potential of hybrid
HtP system for power system needs to be fully explored. In this paper, firstly, a power system including traditional units, high
penetration renewable energy generation and hybrid HtP system is established. Secondly, a bi-level hybrid HtP system optimal
configuration model including planning and operation is constructed. Then, a bi-level optimal configuration method based on
improved PSO algorithm is proposed. Finally, the optimization model and its solution method are applied to IEEE one area
RTS-96. The discussions based on the optimization results show that the hybrid HtP system has significant contributions in

optimizing the output cost of traditional units, improving the utilization of renewable energy, and reducing load shedding losses.
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Abstract: Hydrogen energy plays an important role in improving the operation efficiency and reliability of power systems with high
renewable energy penetration. Hydrogen to power (HtP) system is the key link of hydrogen applications. However, the single HtP
equipment is limited in power output range and efficiency. Hybrid HtP system is an important scheme to realize the performance
complementary. However, the hybrid HtP system is coupled with hydrogen system and power system. The characteristics of each
subsystem and coupling characteristics are complex. In addition, the multiple support potential of hybrid HtP system for power
system needs to be fully explored. In this paper, firstly, a power system including traditional units, high penetration renewable
energy generation and hybrid HtP system is established. Secondly, a bi-level hybrid HtP system optimal configuration model
including planning and operation is constructed. Then, a bi-level optimal configuration method based on improved PSO algorithm
is proposed. Finally, the optimization model and its solution method are applied to IEEE one area RTS-96. The discussions based
on the optimization results show that the hybrid HtP system has significant contributions in optimizing the output cost of traditional

units, improving the utilization of renewable energy, and reducing load shedding losses.

1 Introduction

In the context of global climate change and energy security, hydro-
gen energy has gained increasing prominence as a means to advance
the utilization of renewable energy sources [1], enable long-term
and large-scale storage of electric energy [2, 3], enhance the flexi-
ble regulation capabilities of power systems [4, 5], and facilitate the
interconnection of various energy networks [6, 7]. The hydrogen-to-
power (HtP) system serves as the pivotal link between the power sys-
tem and the hydrogen system, playing a significant role in realizing
the end-user functionalities of the energy system. The planning and
operation of HtP system profoundly impact the overall efficiency of
the energy utilization pathway [8-10]. Consequently, investigating
the configuration methodology for coupling the HtP system with the
power system and hydrogen system holds substantial significance.
According to different power generation equipment, HtP system
can generally be divided into hydrogen fuel cell (HFC), hydro-
gen fuel gas turbine (HFGT) and hydrogen internal combustion
engine (HICE) [11].HFC directly converts the chemical energy of
fuel into electrical energy through non combustion [12]. Compared
with conventional power generation technology, its power generation
efficiency is not limited by Carnot cycle, and the power generation
efficiency can reach 60%-70% [13]. It also has the advantages of
zero emission and no noise during operation. At present, the HFC
under research and development mainly include proton exchange
membrane fuel cell, oxide fuel cell, alkaline fuel cell, phosphoric
acid fuel cell and high temperature molten carbonate fuel cell [14].
However, HFC have high requirements for hydrogen purity, diffi-
cult to expand power, and high power generation costs, which limit
their application in high-power scenarios [15]. The HFGT efficiently
converts fuel energy into mechanical energy through the combus-
tion of hydrogen, subsequently transforming it into electrical energy.
HFGT typically exhibits greater power output compared to HFC,
albeit at a lower level of efficiency [16]. Moreover, the interchange-
ability of HFGT and natural gas turbine is good, and natural gas
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turbine can realize hydrogen combustion through burner transforma-
tion [17]. Indeed, the development of HFGT is rooted in the existing
hydrogen-blended combustion technology of gas turbines, offering
unmistakable advantages [18]. In 2022, the incorporation of 30%
hydrogen into a 54 MW gas turbine in Jingmen, China, resulted in a
reduction of over 18,000 tons of CO2 emissions annually [19]. HICE
shares similarities with HFGT, while it significantly lags behind in
power output and has more NO,; emissions[20].

The configuration of the HtP system often depends on vari-
ous application scenarios, with a primary focus on the renewable
energy power systems. In [21], a wind-solar-battery-fuel cell system
is established to optimize the average annual cost and the loss of
power supply probability. In [22], an algorithm is proposed to obtain
the optimal configuration of photovoltaic, fuel cell, and biomass-
based hybrid energy system. In [23], a novel deviation satisfaction
strategy is proposed to solve the configuration optimization of the
natural gas-wind-photovoltaic-hydrogen integrated energy system.
However, The above researches primarily focus on systems employ-
ing a single type of HtP equipment, such as HFC or HFGT. This
approach faces challenges in meeting the power demands of power
systems with a wide range power range. In reality, HFC and HFGT
exhibit complementary power output characteristics [24]. The con-
struction of a hybrid HtP system incorporating both HFC and HFGT
would significantly enhance the performance and dispatching flexi-
bility of the HtP system. In [25], a solid oxide fuel cell/gas turbine
hybrid system is constructed and operates with low wind curtail-
ment rate and high renewable penetration level. In [26], a solid oxide
fuel cell and gas turbine based co-generation system is proposed
to analyze the co-generation system performance from the perspec-
tive of thermodynamic and economic costs. Reference [27] evaluates
the performance of particle swarm optimization (PSO) and genetic
algorithm (GA) for optimizing integrated solid oxide fuel cell-gas
turbine system. Nevertheless, the researches discussed above do not
fully exploit the potential support offered by a hybrid HtP system
within the energy system. This untapped potential includes improv-
ing the level of renewable energy accommodation, reducing the



output cost of traditional units, and enhancing the reliability of power
system. It is imperative to fully considered in the optimal configura-
tion of hybrid HtP system to improve the comprehensive benefits of
the system.

In this paper, we develop an optimal configuration model of
hybrid HtP system considering the stage of planning and operation.
First, the traditional unit operation model, renewable energy gen-
eration model, hybrid HtP system operation model and power grid
operation model are constructed. Second, the optimal configuration
model of hybrid HtP system is established considering the renewable
energy generation, traditional unit output cost and load shedding.
Third, a bi-level optimal configuration method based on improved
PSO algorithm is proposed to solve the two stage optimization. The
main contributions of the paper are as follows:

(1)The operation model of hybrid HtP system is formulated. The
model achieves the conversion of hydrogen electrical energy at
various power scales, , while also facilitating energy interactions
between the power system and the hydrogen system.

(2)The optimal configuration model of hybrid HtP system is estab-
lished and solved as Mixed-Integer Linear Programming (MILP).
Renewable energy utilization, traditional unit output cost and load
shedding are have been considered in the optimization objective.

(3)A bi-level optimization configuration method is proposed to solve
planning and operational optimization problems, and an improved
PSO algorithm is introduced to improve the solution accuracy.

The rest of this paper is organized as follows. Section 2 describes
the operation model of traditional unit, renewable generation, hybrid
HtP system and power grid. Section 3 presents the optimal config-
uration model of hybrid HtP system. Section 4 clarifies the bi-level
optimal configuration method for solving the optimal configuration
model. Section 5 conducts a case study based on the modified IEEE
RTS-96. Finally, Section 6 describes the conclusion of this paper.

2 Power system operation model considering
hybrid HtP system

High penetration renewable energy power system is the basis of the
construction and operation of hybrid HtP system. In this section, the
power system will be divided into different components to model.
These subsystems include traditional units, renewable energy power
generation, hybrid HtP system and power grid. The chematic dia-
gram of the system is shown in Fig. 1. The modeling scope T
is divided into equal time intervals with a length of A¢ = 1h and
indexed by .
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Fig. 1: The schematic diagram of power system with hybrid HtP
system

2.1  Traditional unit operation model

The traditional unit has strong power grid stability support abil-
ity and withstand disturbance ability, which can maintain sufficient
moment of inertia and strong frequency regulation ability of the
system. Therefore, even in the high penetration renewable energy
power system, the traditional unit is indispensable. The traditional
unit operation model is constructed based on the unit commitment
problem [28]. Considering the output constraints of the unit, the
upper and lower power generation limits are as follows:

PgGminUg,t < chft < PgGmang,t _ Pft’v‘g c G,t eT (1)

where G is the set of generators in the system and is indexed by
9; P(]G M and P,]G AT are the minimal and maximal output of the
g-th generator; ug,; is the commitment status for the g-th generator
in the t-th time period and is a binary variable. chft is the output of
generator of the g-th generator in the ¢-th time period. Pft is the
spinning reserve from the g-th generator in the ¢-th time period.

The spinning reserve needs to fulfill the additional active output
required by load fluctuation, load forecast deviation and unexpected
shutdown. The spinning reserve requirements of generator are as
follow:

0< PR <RPugi,vge GteT )
Py + Py < > Pl jumi,¥g € Gt €T 3)
meG

where RéO is outage ramping limit in 10 minutes for g-th generator.

The output that the generator can increase and decrease in unit
time is limited. The variation depends on ramp rate limits.

—Rg < PS; — P, 1 <Ry,Vge G teT )
9 —= 5 g, — 9> ’
where Ry is the maximum ramp rate of g-th generator.

The minimum up-time/down-time refers to the hours that the unit
must shutdown/startup at least once it is in the shutdown/startup
state. Generally, the larger the capacity of the unit, the longer the
minimum up-time/down-time.

Ug,t — Ug,t—1 < Ug,t7vg € G7t eT (5)

where vy ¢ is a binary variable to indicate the startup status of the
g-th generator in the ¢-th time period.

2.2 Renewable energy generation model

Unlike traditional units, renewable energy output is intermittent and
volatile. These characteristics are reflected in renewable energy gen-
eration, that is, some renewable energy power will not be accepted
by the power grid. Taking wind power as an example, the wind power
that cannot be accommodated is called wind curtailment, which can
be expressed as follows.

0< PV <PV VweW,teT 6)

where W is the set of wind farms in the system and is indexed by w;
qutc is the wind curtailment of the w-th wind farm in the ¢-th time
period; PK ; 1s the total wind power output of the w-th wind farm in
the ¢-th time period.

In order to quantify the level of renewable energy in the power
system, renewable energy penetration is introduced as follows,
which is defined as the ratio of renewable energy generation to the
total power consumption of the system.

w
Zwew,teT Pw,t

REP = @)

L
ZnGN,tET Pn,t

where N is the set of power nodes in the system and is indexed by
n; P,{“, + 1s the load at node n in the ¢-th time period.
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2.3 Hybrid HtP system operation model

In the hybrid HtP system, HFC and HFGT participate as two kinds
of HtP conversion equipment. The operation of the hybrid HtP sys-
tem is not only determined by the inherent characteristics of the
HtP equipment, but also affected by the upstream hydrogen sup-
ply system. In the power system with high penetration of renewable
energy, the hydrogen supply system is mainly composed of elec-
trolytic hydrogen production system and hydrogen storage system.
Hydrogen production and hydrogen storage are located in the same
place, and these two processes are completed by building hydrogen
production and storage (HPS) stations. The constraints of hydrogen
production and storage are as follows:

0< By <E!" VecE,teT ®)
0<PE <PFro“d vec Bt eT )

where E is the set of HPS stations in the system and is indexed by
e; e ¢ is the capacity of hydrogen stored at the e-th HPS station in
the ¢-th time period; EL%**? is the rated hydrogen storage capacity
of the e-th HPS station; P,ft is the input power of electrolytic cell
at the e-th HPS station in the ¢-th time period; PE"**¢? is the rated
input power of electrolytic cell at the e-th HPS station.

Similarly, hybrid hydrogen to power (HHP) stations are set in
the power grid for the centralized management of HtP system. It is
worth noting that HFC and HFGT are not necessarily configured or
operated simultaneously in one HHP station. In order to clarify the
operation interaction between different HPS stations and HHP sta-
tions, the input hydrogen power of HFC and HFGT is defined more
carefully considered the differences of different HPS stations. The
operation limits of HFC and HFGT are as follows:

0< > Pl <Pf™™ VfeF teT (10)
ecE

0< > Py <P VseSteT (11)
ecE

where F is the set of HFCs in the system and is indexed by f; Pf et
is the input hydrogen power of the f-th HFC from the e-th HPS
station in the ¢-th time period; Pf"%**? is the rated input hydrogen
power of the f-th HFC; S is the set of HFGTSs in the system and is
indexed by s; PS*? e,t 1s the input hydrogen power of the s-th HFGT
from the e-th HPS station in the ¢-th time period; P27%*¢? is the
rated input hydrogen power of the s-th HFGT.

Between HHP station and HPS station, a hydrogen transmission
pipeline is required for the interaction of hydrogen energy in the
whole system. In practical engineering, this task is usually done by
the mature natural gas pipeline, and is realized by blending hydrogen
with natural gas [29]. At the transmission terminal, this hydrogen
blended natural gas can be directly used by HFGT, or pure hydrogen
can be obtained by membrane separation for HFC [30, 31]. However,
limited by pipeline specifications and hydrogen blending ratio, the
transmission capacity of hydrogen doped natural gas pipeline needs
to be limited. The constraint can be constructed as follows:

S Pfeit+ Y P <pTMen
fEF(n) seS(n) (12)

,VneN,ec E,teT

where F(n) and S(n) represent the sets of HFCs and HFGTs at
node n; P* %" is the maximum transmission capacity of hydrogen
blended natural gas pipeline.

Based on the HPS station model, HHP station model and hydro-
gen transmission model, the hydrogen balance model is constructed
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as follows :
Bet = Eey1+nePl =Y Pley/ny
EF
f 13)
> " Pley/ns, Ve €EtET

sEeS

where 7e is the efficiency of electrolytic hydrogen production; 7
and 7 are the generation efficiency of HFC and HFGT.

2.4 Power grid operation model

The subsystem model of power system constructed above does not
involve reactive power, nor does it consider the influence of voltage
distribution. Therefore, in the power grid model, the DC power flow
model can be used to linearize the power grid model. The active
power flowing on the branch is given by

Pb,t = 0b7t/$b,Vb eB,teT (14)

where B is the set of branches in the system and is indexed by b;
Py ; is the active power flowing on the branch b in the ¢-th time
period; 6y, ; and x;, are the phase difference of voltages and branch
impedance of the branch b, respectively. The phase difference of
voltages can be further defined as follows:

Qb,t :5i’t—5j’t,Vb€B,t€T (15)
—71/2 < 0pt <7/2,Vn € N\ns,teT (16)

where 4 and j are the node numbers at both ends of branch b; 6y, ¢
is the voltage phase at node n in the ¢-th time period. ns indicates
slack node and its voltage phase is always O.

In order to ensure the safe operation of the transmission line, the
flowing power of each branch is limited as follows:

—P"" < Py < P Wb eB,t €T (17)

where P/"%* is the maximum transmission power of branch b.

Based on the traditional unit operation model, renewable energy
generation model, hybrid HtP system operation model and power
grid operation model established above, the following real-time node
power balance equation is constructed:

Sorg Y R+ Y (PR

9€G(n) beB(n) weW (n)
S
D 2 Prest 20 X Pler g
fEF(n) ecE s€S(n) e€E

= (Pn’t—Pn,t)-i- > PE, vneN,teT
e€E(n)

where PnL 7 is the load shedding at node n in the ¢-th time period.

3 Optimal configuration of hybrid HtP system

The optimal configuration of hybrid HtP system aims to obtain
the optimal location and capacity of HFC and HFGT in the power
system, which involves two stages of planning and operation. Con-
sidering the feasibility and solution speed of the optimization, the
planning and operation will be divided into two stages. The optimal
configuration scheme will be obtained through the iteration between
the two stages.



3.1 Cost of operation and planning

The optimization objective of operation is to minimize the operation
cost, which is composed of three parts: traditional unit generation
cost, wind curtailment penalty cost and load shedding penalty cost.
The generation cost of the traditional unit consists of three parts:
operational cost, no-load cost and startup cost. The wind curtailment
penalty cost and load shedding penalty cost are linear with power.

CIT = cgPy + cgug s+ cjug,Vg € GtET  (19)
CoMT — ey Py Yw e Wit e T (20)
cihed — o PLY vneNteT (1)

where C9%" represents the generation cost of the g-th generator in
the ¢-th time period; cg is unit operational cost of generator; cév
is unit no-load cost of generator; cg is unit startup cost of genera-
tor; Cpy 4" represents the wind curtailment penalty cost of the w-th
wind farm in the ¢-th time period; ¢y, is the penalty coefficient for
wind curtailment of wind farm; C’fibflted represents the load shedding
penalty cost at node n in the ¢-th time period; ¢; is the penalty coef-
ficient for load shedding. Sum the above costs in the whole system
and the modeling scope to obtain the operation cost C°P as follows:

Z Cg))gur + Z

weW teT neN,teT

or= Y oy

shed
CG
g,t n,t
geG,teT

(22)

The construction cost at the planning stage includes equipment
installation cost and power purchase cost. The total construction cost
of HFC and HFGT are calculated as follows:

cPl — cj;”s |F | +C§0w Z PfFrated
feF

+Cins | S ‘ +c€ow Z Pfrated
sEeS

(23)

where ¢*® and ¢ are the unit installation cost of HFC and HFGT,
respectively; 2’ and ¢5°" are the unit power purchase cost of HFC
and HFGT, respectively.

3.2 Bi-level optimal configuration model

Based on the above cost analysis, the following optimal configura-
tion model is formed.

min  C°? x DAY + CP' x CRF (24)

s.t. Eq.(1)—(17)
PFmin < PFrated < PFmaw Vf cEF (25)
PSmin QPS"rated <_PS'ma:Jc Vs e S
— S — )

where PF™ and PF™%% are minimum and maximum config-
urable hydrogen input power of HFC, respectively; P°™" and
PS™A% are minimum and maximum configurable hydrogen input
power of HFGT, respectively; DAY stands for the number of days
in a year; C'RF stands for capital recovery factor and is defined as

[e3%
copp = 20N 26)
(I4+7y)* -1
where ~y is the appropriate discount rate and « is the economic
lifetime of the project.

The optimal configuration model described above is a MILP prob-
lem mathematically, which is to optimize the cost based on the given
configuration scheme. This optimal configuration model will partic-
ipate in the evaluation of the optimal configuration scheme. Prior to

the MILP, there should be an upper layer to generate the configu-
ration scheme. The upper layer submits the generated configuration
scheme to the lower MILP layer for cost evaluation, and then feeds
back the results to the upper layer for improvement of the configura-
tion scheme. Through the iteration of the upper and lower layers, the
configuration scheme meeting the requirements is finally obtained.

4  Bi-level optimal configuration method

The obstacle in solving the two-level optimization model proposed
in Section 3 are mainly concentrated in the upper layer. The accu-
rate and efficient generation of configuration scheme in the upper
layer is the basis of solution. An improved PSO algorithm is used
for the upper layer of the proposed bi-level optimal configuration
model. PSO is a population-based optimization technique. Each par-
ticle in the particle swarm has two attributes: velocity and position.
The velocity represents the direction and distance the particle moves
in the next iteration, and the position is a solution to the problem.
Although the velocity and the position are multi-dimensional vari-
ables, they are independent of each other, so the velocity update
equation of one dimension is described as follows:

Vp,it1 = wiVp i + C1R1(PByp; — Pp ;)

(27)
+C2Ro (GBZ* — Ppﬂ*)

The position update equation of one dimension is described as
follows:

Ppiv1=Ppi+ Vp (28)

where w; is the the inertia weight in the ¢-th iteration; V), ; is the
velocity of the p-th particle in the i-th iteration; P, ; is the position
of the p-th particle in the i-th iteration; C; and C' are the individual-
cognition parameter and social learning parameter, respectively; Ry
and Ry are both random values; P B, ; is individual best position of
the p-th particle in the i-th iteration; G B; is global best position in
the ¢-th iteration.

In the proposed optimal configuration model, in order to achieve
location and capacity at the same time, an array containing the capac-
ity and location of HFC and HFGT will participate in the PSO
iteration as the position of particle. However, this raises two prob-
lems. First, there is an order of magnitude difference between the
capacities of HFC and HFGT. Using the same particle constraint
will lead to large error or even non convergence of the optimization.
Second, the dimension of particle position will be twice the num-
ber of nodes, and the high dimension will expand the search scope.
It is necessary to improve the global optimization ability to avoid
falling into local optimization, but it is also necessary to improve the
local optimization ability at an appropriate time to ensure the con-
vergence of the algorithm. The difference between HFC and HFGT
in the order of magnitude of capacity can be handled by indepen-
dently initializing and updating the particle position and velocity.
The requirement of the algorithm for the optimization ability can be
achieved by adjusting the inertia weight w in the iteration. The iner-
tia weight w is utilized to balance the local exploitation and global
exploration. The larger w, the stronger the global optimization abil-
ity, but the weaker the local optimization ability. On the contrary, the
weaker the global optimization ability, the stronger the local opti-
mization ability. In this problem, the previous iteration needs strong
global optimization ability, and in the later stage, it needs to carry
out local optimization without changing the pattern of the solution
to improve the convergence and stability of the solution. At this time,
it is necessary to reduce the global optimization ability and improve
the local optimization ability. Therefore, a nonlinear decreasing iner-
tia weight is applied to the velocity iteration formula, which can
maintain strong global optimization ability in a long period of time,
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and improve the local optimization ability in the later period.

iter

2
Wi = Wmazx — < ) (Wmax - Wmin) (29)

itermax

where wmaez and wy,;, are the maximum and minimum iner-
tia weight, respectively; iter is the iteration order; itermaz is
maximum number of iterations.

The upper layer based on improved PSO is combined with the
lower layer built by MILP to form a bi-level optimal configuration
method. The solution flow of the method is given in Algorithm 1.

Algorithm 1: Bi-level optimization algorithm based on
improved PSO

input : Maximum number of iterations Itermaz,
Minimum number of iterations Iter,, ;n, Error
tolerance ErrTol.

output: Configuration array of fuel cell
FC =|fei, fea, ..., fen], Configuration array

of gas turbine GT = [gt1, gt2,. .., gtN]-
1 Construct 2N dimensional particle position array
PA <; [fclﬁfczﬁ'"7ch7gt17gt27"'7gtN};

2 Initialize particle swarm parameters;

3 for ¢ < 1to Itermas do

Update w in Eq.(29);

for p < 1 to Pop do
Calculate particle velocities V'[p, ¢] in Eq.(27);
Calculate particle positions P[p, 1] in Eq.(28);
Obj[p, i] + solve(MILP(P[p,1]));
Frit[p, ] < Obj[p, i];

10 Update PBp, i];

11 end

12 Update GBi];

13 FFi] < solve(MILP(GBJi]));

R-R-C R e N

14 if i > Iter,,;, then

15 if FF[i — Iteryin] — FF[i] < ErrTol then
16 PA + GBIJil;

17 break;

18 end

19 end

20 end

21 FC + PA[l: NJ;
22 GT < PA[N +1:2N].

After achieving the optimal solution, in order to analyze the
marginal utility of system resources, the shadow price of optimal
configuration can be obtained by dual method for analysis. How-
ever, considering that there is no duality in the MILP, it is necessary
to fix the binary variables in the MILP with the optimal result first,
so that it can be transformed into a linear programming problem, and
then substitute F'C' and G'T" to get the shadow price.

5 Case study
5.1 Test case and implementation

The hybrid HtP system optimal configuration model is applied on
a modified IEEE one area RTS-96 [32]. Based on the IEEE one
area RTS-96, two wind farms are locateded at node 14 and node
22, respectively, to replace the traditional units in the original loca-
tion. After removing the traditional units of these two nodes, the
system still has 26 traditional units distributed on 9 nodes. The
output of the wind farms is set to 80% of the total system load,
resulting in a high renewable energy penetration according to Eq.
7. HPS stations are set up at the same nodes as the wind farms,
with their rated power matching the output of the wind farm,
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which is S00MW and 1500MW, respectively. The efficiency of
electro-hydrogen conversion of the electrolytic cell is set to 90%.

In order to reflect the contributions of hybrid HtP system on power
system reliability in extreme situation, the maximum transmission
capacity of transmission lines is set to 60% of the original system,
and the load level is increased to 120%. Other unspecified power sys-
tem parameters are imported from Matpower case file. The test case
is shown in Fig. 2, in which HHP station is the schematic position.

@ Wind Farm
@ HPS Station
@ Traditional Unit

—— Hydrogen Bus

Fig. 2: Modified IEEE one area RTS-96

In addition to specific objective parameters, certain penalty coef-
ficients have been established. The penalty coefficient for wind
curtailment is designated as 20 CNY/MW, while the penalty coef-
ficient for load shedding is set at 50 CNY/MW. Additionally, the
installation cost and power purchase cost for HFC are 100,000
CNY/set and 400,000 CNY/MW, respectively, and the efficiency is
70%. The installation cost and power purchase cost for the HFGT
are denoted as 200,000 CNY/set and 50,000 CNY/MW, respectively,
with an efficiency of 50%. The anticipated service life of the project
spans 20 years and the discount rate is 10%.

The program is encoded by Python and implemented on a desktop
with a 6 core AMD Ryzen 5 3600 processor and 16 GB RAM. The
MILP is solved by Gurobi 9.5.2 and the MIP gap is set at 0.01%.
The parameters of the improved PSO are shown in Table 1.

Table 1 Parameters of the improved PSO

Parameter | Value || Parameter Value
o) 2 pFmn 1 100MW
Cs 2 pEmaz 1 500MW
Wmaz 1.5 PIMI 1 500MW
Winin 0.5 PSMaT [ 5000MW
Itermin 8 ErrTol 0.0001
Itermazx 50 Pop 10

5.2 Simulation results

The optimization results of the proposed configuration model are
presented in this subsection. The program converges to an optimal
solution after 26 iterations and 270 seconds. The iteration of the
solution is shown in Fig. 3.

The results of location and capacity of HFC and HFGT are
presented in Table 2. HFC prefers distributed location and capac-
ity, while HFGT is centralized. In addition, all HtP equipment are
located in 138kV power grid, which has no renewable energy power
generation. The hybrid HtP system indirectly shares the renewable



0 5 10 15 20 25
Iteration

Fig. 3: The iteration of the solution

energy from the 220kV grid to the 138kV grid through hydrogen
electricity conversion.

Table 2 Location and capacity of hybrid HtP system

HtP equipment | Location | Capacity[MW]
HFC 5 100
HFC 6 173
HFC 10 138
HFC 12 138
HFGT 8 831

Taking the HFC located at node 10 as an example, the hydrogen
consumption source of HFC is shown in the Fig. 4. Under the com-
bined hydrogen supply of the two HPS stations, the HFC maintains
full load operation during the whole time period. Similar operating
characteristics also occur on other HFCs and HFGT.
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Fig. 4: The hydrogen consumption of HFC at node 10

Direct the attention to the HPS station. In the case setting, the
hydrogen production capacity of the two HPS stations is different
due to different renewable energy output levels. At the 14 node
HPS station with weak hydrogen production capacity, its hydro-
gen production and consumption dynamics are shown in the Fig. 5.
The hydrogen produced by HPS station is basically balanced with
the supply to HHP station, and the hydrogen storage in the sta-
tion is maintained at a low level. During the hours spanning from
10 o’clock to 17 o’clock, there is a reduction in renewable energy
output and the hydrogen production capacity was insufficient. The
demand for hydrogen allocated by the system from the HPS station
decreases, resulting in a slight increase in hydrogen storage. These
stored hydrogen supplies the hydrogen load after 17 o’clock. From
the perspective of hydrogen flow direction, hydrogen mainly flows
to HFCs, while a minor fraction of the hydrogen stream is directed
towards the HFGT during peak hydrogen demand and periods of
hydrogen surplus.
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Fig. 5: The hydrogen production and consumption HPS station at
node 14

The situation of 22 node HPS station is different. Due to the
abundant renewable energy resources and strong hydrogen produc-
tion capacity, before 8:00, the renewable energy output was large,
and the HPS station produced hydrogen at the maximum hydrogen
production rate, and the hydrogen storage in the station has been
steadily and rapidly increasing. After 8 o’clock, the output of renew-
able energy weakened, and the hydrogen production also declined,
making it difficult to cover the hydrogen load. A unified analysis of
the hydrogen dynamics of the 14 node and 22 node HPS stations
shows that most of the hydrogen load of the system at this time
is borne by the 22 node HPS station. A large amount of hydrogen
stored before 8 o’clock filled the shortage of hydrogen supply at this
time. As for the direction of hydrogen, nearly half of the hydrogen in
the 22 node HPS station is supplied to the hfgt in most time periods,
except for the time period when all the hydrogen loads of the system
are supplied. The hydrogen production and consumption dynamics
are shown in the Fig. 6.
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Fig. 6: The hydrogen production and consumption HPS station at
node 22

The above shows the solutions and dynamics of the bi-level opti-
mal configuration model. These results basically reflect the operation
characteristics of the hybrid HTP system and meet the correspond-
ing expectations. Based on these results, the influence of hybrid HtP
system on the whole power system will be further discussed.

5.3 Discussions

First, the output of traditional units is analyzed. The output of 26 tra-
ditional generators in the power system is shown in Fig. 7. Among
the 26 generators, 15 do not startup in the whole dispatching cycle, 4
startup and shutdown more than once in operation, and the rest basi-
cally maintained stable output. Generator startup and no-load will
bring additional operating costs, which is reflected in the objectives
of the operation optimization model. The hybrid HtP system and the
entire hydrogen system are coupled with the power system, which
plays the role of energy storage. By converting the surplus power
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energy into hydrogen energy, the long-term storage of power is real-
ized, which provide abundant and flexible dispatching resources for
the power system. These dispatching resources share the operating
pressure of traditional units, resulting a lower operation cost.

300
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Time[h]
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gen 7 —— gen 14

Fig. 7: The output of traditional units

Second, as the energy storage of the power system, the hybrid HtP
system has also made outstanding contributions to strengthening the
accommodation of renewable energy and improving the utilization
level. In this case, although the penetration of renewable energy has
reached 80%, on the one hand, the wind power output shows great
fluctuation, on the other hand, the distribution of wind power is con-
centrated and marginalized, so the utilization of renewable energy
has great challenges. The wind power accommodation of the power
system without hybrid HtP system is shown in the Fig. 8.
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Fig. 8: Total wind curtailment of power system without hybrid HtP
system

The output of wind power is large at night and small during the
day, which makes the wind curtailment concentrated at night. By
analyzing the dynamics of the HPS stations, it can be found that
the electrolytic cell is consuming this part of power at its maximum
operating power at this time, and the surplus wind power is also
quickly fixed in the hydrogen storage tanks of the HPS stations in
this way. The wind power accommodation of the power system with
hybrid HtP system is shown in the Fig. 9. This energy transfer across
time and space indirectly suppresses the fluctuation of wind power
output, and provides guarantee for the efficient and stable operation
of high penetration renewable energy power system.

Third, the hybrid HtP system plays an important role in improv-
ing the power supply reliability of power system. In this case, the
transmission conditions and load demand of the power system are
set strictly. Fig. 10 shows the load shedding of the system when the
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Fig. 9: Total wind curtailment of power system with hybrid HtP
system

hybrid HtP system is not configured. The load supply of the system is
only 79.16%. However, with the support of the hybrid HtP system,
the load shedding performance of the system is good, as shown in
Fig. 11. The load supply can basically track the load demand curve,
and the load supply of the system reaches 97.40%. The existing load
loss is mainly caused by the power shortage of node 7, 8 and 9.
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Fig. 10: Total load shedding of power system without hybrid HtP
system

load shedding

2800
—— load demand
load suppl
27001 _ ‘ ‘ : ?p y
0 5 10 15 20

Time[h]

Fig. 11: Total load shedding of power system supported by hybrid
HtP system

Finally, the marginal utility of system resources is analyzed using
the shadow price. For HPS station, its hydrogen storage capacity has
been maximized, and there is still some room for development of
hydrogen production capacity. For HHP stations, HFC is also used to
the greatest extent, but the shadow price of HFGT is 0. For traditional
generating units, the shadow price of maximum and minimum gen-
erating power is positive, but the shadow price of spinning reserve
is basically 0. From the analysis of shadow price, it can be seen that



hybrid HtP system plays an important role in low-cost and efficient
operation of power system, but this case still expects greater power
storage and transfer capacity, and hybrid HtP system has greater
potential in large-scale power system.

6 Conclusion

In this paper, the hybrid HtP system is proposed as a scheme to
improve the performance of the hydrogen to electricity. The hybrid
HtP system is composed of HFC and HFGT to achieve complemen-
tary output power. However, the hybrid HtP system is coupled with
hydrogen production and storage system, as well as power system.
The characteristics of each subsystem and coupling characteristics
are complex. In addition, the multiple support potential of hybrid
HtP system for power system still needs to be fully explored. This
paper first constructs a high penetration renewable energy power
system considering hybrid HtP system, including traditional gen-
erating units, renewable energy power generation system, hybrid
HTP system and power grid. These power system subsystems and
their energy coupling are modeled separately. Secondly, based on
the above power system models, a bi-level hybrid HtP system opti-
mal configuration model including planning and operation is con-
structed, and the optimal configuration scheme is obtained through
the iteration between the upper and lower layers. In order to solve
this problem, a bi-level optimal configuration method based on
improved PSO algorithm is proposed, which solves the problem
of insufficient algorithm performance in the optimization process.
Finally, the bi-level optimal configuration model and its solution
method are applied to IEEE one area RT'S-96, and the solutions and
operation dynamics of the model are obtained. Based on the opti-
mization results, the further discussion falls on the contributions of
hybrid HtP system to power system. The results show that the hybrid
HtP system has a significant effect on optimizing the output cost of
traditional units, improving the utilization of renewable energy, and
reducing load shedding losses. In addition, through the analysis of
the shadow price, it is concluded that the hybrid HtP system will
make a greater contribution to the larger power system.

Based on this paper, further research is on-going to understand
how much more benefits the hybrid HtP system will bring in a wider
power output range. The impact of topology and energy interaction
between HPS stations and HHP stations on planning and operation
also needs to be further considered.

Nomenclature

Constants

o The economic lifetime of the project (year)

At Length of each period

Ne Efficiency of electrolytic hydrogen production (%)

nf Efficiency of HFC generation (%)

Ns Efficiency of HFGT generation (%)

v. The discount rate (%)

"% Unit installation cost of HFC (CNY/set)

céow Unit power purchase cost of HFC (CNY/MW)

c% Unit operational cost of generator (CNY/MW)
%

unit no-load cost of generator (CNY/time)
cy Unit startup cost of generator (CNY/time)
q Penalty coefficient for load shedding (CNY/MW)

¢ Unit installation cost of HFGT (CNY/set)

c5°"  Unit power purchase cost of HFGT (CNY/MW)

Cw Penalty coefficient for wind curtailment (CNY/MW)

CRF Capital recovery factor

DAY Average annual number of days

PEMaTMaximum configurable hydrogen input power of HFC
- (MW)

PEMInMinimum configurable hydrogen input power of HFC (MW)

PS5 Maximum configurable hydrogen input power of HFGT

MW)

PS™" Minimum configurable hydrogen input power of HFGT
(MW)

PT™AT\aximum transmission capacity of hydrogen blended natu-
ral gas pipeline

P%* Maximum transmission power of branch

REP Renewable energy penetration (%)

Ty Branch impedance

Indices

Index of branches in power system, running from 1 to B

Index of HPS stations, running from 1 to £/

Index of HFCs, running from 1 to F'

Index of generators, running from 1 to G

Index of nodes in power system, running from 1 to N

Index of HFGTS, running from 1 to .S

Index of time periods, running from 1 to 7'

Index of wind farms, running from 1 to W

NE T+ IQ O

[¢°]
-
v

Set of branches in power system
Set of HPS stations

Set of HFCs

Set of traditional generators

Set of nodes in power system

Set of HFGTs

Set of time periods

Set of wind farms

Variables

ént  Voltage phase (rad)

0y +  Phase difference of voltages (rad)
C°P  Operation cost of the system (CNY)
CP! Construction cost of the system (CNY)

Cg ef" Generation cost of the traditional units (CNY)
€3¢ Joad shedding penalty cost (CNY)

}jj " wind curtailment penalty cost (CNY)
Ee+ Capacity of hydrogen stored at HPS station (MWh)
ng}f@d Rated capacity of hydrogen stored at HPS station (MWh)

Py Active power flowing on the branch (MW)
PftmtedRated input hydrogen power of electrolytic cell (MW)
P.;  Input hydrogen power of electrolytic cell (MW)

Py ¢+ Input hydrogen power of HFC (MW)

PJF ratedRated input hydrogen power of HFC (MW)

Pth The output of generator (MW)
Py{™"**Maximal output of generator (MW)

sHRZoHEEW

Pgét" ¥ Minimal output of generator (MW)

P’ Spinning reserve of generator (MW)

Py Load (MW)

PL? Load shedding (MW)

P? .+ Input hydrogen power of HFGT (MW)

P§ ratedRated input hydrogen power of HFGT (MW)

P+ Wind power output of wind farm (MW)

PWtC Wind curtailment of wind farm (MW)

Maximum ramp rate of generator (MW/h)

g Outage ramping limit in 10 minutes of generator (MW)
ug,t Commitment status of generator (binary)

vg,t  Startup status of the generator (binary)
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