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Abstract—The accessible and convenient hydrogen supply is
the foundation of successful materialization for hydrogen-pow-
ered vehicles (HVs). This paper proposes a novel optimal sched-
uling model for gaseous-liquid hydrogen generation and storage
plants powered by renewable energy to enhance the economic
feasibility of investment. The gaseous-liquid hydrogen genera-
tion and storage plant can be regarded as an energy hub to sup-
ply concurrent service to both the transportation sector and an-
cillary market. In the proposed model, the power to multi-state
hydrogen (P2MH) process is analyzed in detail to model the
branched hydrogen flow constraints and the corresponding en-
ergy conversion relationship during hydrogen generation, pro-
cessing, and storage. To model the coupling and interaction of
diverse modules in the system, the multi-energy coupling ma-
trix is developed, which can exhibit the mapping of power from
the input to the output. Based on this, a multi-product optimal
scheduling (MPOS) algorithm considering complementarity of
different hydrogen products is further formulated to optimize
dispatch factors of the energy hub system to maximize the prof-
it within limited resources. The demand response signals are in-
corporated in the algorithm to further enhance the operation
revenue and the scenario-based method is deployed to consider
the uncertainty. The proposed methodology has been fully test-
ed and the results demonstrate that the proposed MPOS can
lead to a higher rate of return for the gaseous-liquid hydrogen
generation and storage plant.

Index Terms—Demand response, energy hub, hydrogen gener-
ation and storage plant, optimal scheduling, renewable energy.
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Conversion coefficient of power to electrolyzer

Energy consumption coefficients for compres-
sor and refrigerator

Efficiencies of photovoltaic unit, wind tur-
bine, electrolyzer, compressor, and refrigerator

Daily evaporation rate of liquid hydrogen
Probability of scenarios

Investment costs of gaseous tank and liquid
reservoir

Electric energy consumption cost
Total hydrogen transport cost

Feed-in prices for photovoltaic units and wind
turbines

Electricity price

Investment costs of electrolyzer, compressor,
and refrigerator

Demand response price

Selling prices of gaseous and liquid hydrogen

Polytropic exponent of compression

Operation expenditure of hydrogen genera-
tion, processing, and storage devices

Operation expenditures of electrolyzer, com-
pressor, and refrigerator
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OCé, OC'  Operation expenditures of gaseous tank and
liquid reservoir

P, p= Pressures of hydrogen storage tank and elec-
trolyzer

prrmex Maximum output power of photovoltaic units

prema and wind turbines

PPk Demand response signal

0% 0 Accumulated gaseous hydrogen in tank and

liquid hydrogen in reservoir

Q&™ Q" Initial hydrogen quantities of gas tank and lig-
uid reservoir

o™ The maximum and minimum capacities of gas
Q& min tank
o m, The maximum and minimum capacities of lig-
Q' min uid reservoir
r Uncondensed hydrogen gas quality in refriger-
ator

r" Mainstream of hydrogen gas in refrigerator
r Hydrogen demand

"lz’“‘f"‘, Upper and lower limits of operation power
etz min for electrolyzer

o, Upper and lower limits of operation power
peommn for compressor
premax Upper and lower limits of operation power
prehmin for refrigerator
R Gas constant
R™ Revenue from hydrogen product selling and

ancillary service provision

R Revenue from hydrogen product selling
RPR Revenue from demand response
SOC¢, State of charge (SOC) for gas tank and SOC
soc! for liquid reservoir

Socs™,  Upper and lower limits of SOC for gas tank
socs™n

Soct™>  Upper and lower limits of SOC for liquid res-
soctmr ervoir

TC¢, TC'  Transport costs of gaseous and liquid hydro-

gen

T Temperature of power to hydrogen

VY Dispatch factors of input energy to produce
gaseous and liquid hydrogen
Liquefaction rate

z Ratio of gas diverted through expander

C. Variables

L) Hydrogen feeding rate from electrolyzer to re-
frigerator

L Electrical load

P Electrolyzer power

Pem P"  Hydrogen compression and liquefaction power

PPRM Slack variable of demand response

P, P Output power of photovoltaic units and wind
turbines

Ps Power fed by the grid

re, Gaseous and liquid hydrogen selling rates

=, " Hydrogen storage rates of gaseous and liquid

hydrogen tanks, which are positive when the
hydrogen is discharged, otherwise negative

r Hydrogen generation rate of electrolyzer
Gaseous and liquid hydrogen generation rates

I. INTRODUCTION

ARBON emissions of the transportation sector account

for a large percent of the total carbon emissions. Hydro-
gen technologies are the promising ones to realize carbon
neutralization, which can effectively reduce carbon emission
[1]-[4] and promote renewable energy accommodation [5]-
[7]. A crucial step towards the application of hydrogen trans-
portation is to achieve a cost-efficient hydrogen supply [3].

For mobile applications, as much hydrogen as possible
should be carried onboard to achieve a long-running dis-
tance. High-pressure gaseous hydrogen, generally 700 bar,
and cryogenic liquid hydrogen, below 21 K, are the two
most common hydrogen storage forms [8]-[12]. The other
emerging hydrogen storage solutions can be divided into two
categories, i.e., chemisorption and physisorption [3], [10],
[13]. The former contains chemical hydrides, metal hydrides,
and liquid organic hydrogen carriers (LOHCs). The latter in-
cludes carbon nanotubes and metal-organic frameworks
(MOFs). However, these hydrogen carrier substances are ini-
tially investigated for onboard hydrogen storage [3]. Conse-
quently, besides the development of new hydrogen storage
techniques, the reasonable generation, storage, and transpor-
tation of gaseous and liquid hydrogen are crucial for the ex-
pansion of hydrogen-based transportation. The hydrogen
compression is not energy-intensive, but the high-pressure
storage tank is cost-intensive (600 $/kg) due to strict materi-
al requirements. It is to be regretted that the energy density
of compressed hydrogen is still low [8]-[10]. Regarding lig-
uid hydrogen, it can be stored in a cryogenic insulation reser-
voir at low pressure (<10 bar) with high energy densities,
and its investment costs (30 $/kg) are lower than gaseous hy-
drogen [9]-[14]. But the liquefaction of hydrogen is energy-
intensive, accounting for nearly one-third of hydrogen ener-
gy contents [13]-[15]. Besides, lower transportation costs
can be achieved with higher energy density owing to the lim-
ited volume and weight of the trailer [3]. Therefore, liquid
hydrogen is more suitable for large-scale long-distance trans-
portation [11].

It should be noted that either the compressed gaseous hy-
drogen or the cryogenic liquid hydrogen has advantages and
limitations, which can be deployed comprehensively to en-
hance the economic feasibility of investment. Therefore, the
development of a new model to optimize the scheduling of
multi-state hydrogen generation and storage is necessary.

As the sharp proliferation of renewable energy, hydrogen
generation and storage powered by renewable energies, at-
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tracts more attention recently [16]-[18]. A hierarchical ener-
gy management scheme was developed to improve the profit
of an island hydrogen-based microgrid in [17]. Considering
the complementarity of multiple energies, an optimal sched-
uling model was formulated in [18] for an electricity-gas-hy-
drogen microgrid to enhance energy utilization efficiency. It
is worth noting that the hydrogen storage-based microgrids
possess stacked advantages, e.g., renewable energy accom-
modation, demand-supply balance, and voltage stability. The
investigation results of [19] showed that incentivizing wind
power with hydrogen generation and storage was more cost-
efficient. A novel seasonal hydrogen storage strategy was
proposed in [6] to decrease renewable energy spillage. In
[20], a power management system was designed for hydro-
gen-storage-based DC microgrid, which is suitable to keep
power balance under the transient operation condition. How-
ever, the comprehensive renewable-energy-powered hydro-
gen generation and storage model considering the comple-
mentarity of different hydrogen products has not been stud-
ied yet.

In another context, providing ancillary service to the elec-
tricity market is recognized as a win-win situation to both
the grid and consumers [4], which can be mainly classified
into three categories, i.e., demand response (DR) [2]-[4], fre-
quency/voltage support [20], [21], and operation reserve pro-
vision [1]. The joint devices in the hydrogen-based mi-
crogrid, like electrolyzer and fuel cell, can achieve bi-direc-
tional interaction with the grid, which can provide ancillary
service to the grid. Several studies have investigated the ap-
plication of ancillary service provision by hydrogen facili-
ties. An optimal scheduling model incorporated DR signals
for on-site gaseous hydrogen fueling stations (HFSs) was
proposed in [2], whose rate of return was promoted. The op-
timal sizing and scheduling algorithm for LOHC-based hy-
drogen generation and storage plants were proposed in [4],
which adaptively adjusted the state of charge (SOC) of tanks
for ancillary service provision. In [1], a supervisory-based
scheduling model considering operation reserve provision
was developed to enhance the energy utilization efficiency
during the off-peak hydrogen load period. However, the ef-
fectiveness of ancillary service provision under multi-state hy-
drogen generation and storage has not been investigated yet.

It is worth noting that there are multi-energy carriers with-
in a hydrogen-based microgrid, whose coupling relation
should be investigated for operation performance improve-
ment. In the existing literature, the concept of energy hub is
commonly deployed to model the multiple energy carrier sys-
tems [22]. Given the uncertainty introduced by renewable en-
ergy and loads, stochastic optimization and robust optimiza-
tion are frequently utilized. In [23], a multi-input multi-out-
put energy hub system was formulated and the scenario-
based optimal scheduling algorithm was deployed for the
biogas-solar-wind system to improve the energy efficiency.
In [24], the interdependencies among power, gas, and water
system were investigated in a water-energy nexus system
with multiple energy hub systems, in which the uncertainty
of wind energy was considered. Given the challenge intro-
duced by the intermittency of renewable energy for the opti-

mal operation of the energy hub system, a distributed robust
optimization method was proposed in [25], which took into
account the multimodal forecast errors of photovoltaic pow-
er. In [26], a probabilistic scheduling model considering mul-
tiple uncertainties was formulated for an integrated energy
hub to determine the dispatch factors for operation efficien-
cy enhancement. However, the optimization of coupling in-
teractions of multi-type multi-state energy carriers in an ener-
gy hub considering uncertainty has not been investigated yet.

Based on the aforementioned discussions, to fill the gap
of multi-state hydrogen generation and storage considering
complementarity of multiple products, this paper proposes a
novel multi-product optimal scheduling (MPOS) algorithm
to enhance the economic feasibility for gaseous-liquid hydro-
gen generation and storage plants powered by renewable en-
ergies, which can provide concurrent service to both trans-
portation sector and ancillary market. With the development
of other hydrogen storage techniques, more hydrogen prod-
ucts with new characteristics can be easily incorporated into
the formulated framework. The main objectives and contribu-
tions are listed as follows.

1) A novel power to multi-state hydrogen (P2MH) model
is formulated to analyze the branched hydrogen flow con-
straints and energy consumption relation during the genera-
tion, processing, and storage process of hydrogen.

2) The multi-state energy coupling matrix is formulated to
model the coupling and interaction of energy hub internal
modules, including renewable energy system (RES) units,
P2MH module, and consumers, which is the integration of en-
ergy hub internal devices and the foundation for the optimal
scheduling algorithm. The dispatch factors of the matrix can
be optimized with the proposed MPOS algorithm to enhance
the energy efficiency and operation economy of the system.

3) A new MPOS algorithm considering the complementari-
ty of different hydrogen products and DR service provision
is proposed to enhance the economic feasibility of the facili-
ty. Besides, the scenario-based method is deployed to consid-
er the uncertainty introduced by renewable energies, whole-
sale electricity price, and hydrogen loads.

The remainder of the paper is organized as follows. Sec-
tion II presents the proposed energy hub model for gaseous-
liquid hydrogen generation and storage plants. Section III
presents the proposed MPOS algorithm. In Section IV, case
studies are presented to demonstrate the operation flexibility
and profitability of the proposed MPOS algorithm. The con-
clusions are summarized in Section V.

II. PROPOSED ENERGY HUB MODEL FOR GASEOUS-LIQUID
HYDROGEN GENERATION AND STORAGE PLANTS

A. Framework of Proposed Energy Hub for Gaseous-liquid
Hydrogen Generation and Storage Plants

The gaseous-liquid hydrogen generation and storage plant
can be regarded as an energy hub to analyze and schedule
the conversion of energy carriers with different states, which
is composed of three parts including RES units, P2MH mod-
ule, and consumers, as depicted in Fig. 1. The facility is
powered by a hybrid solar-wind RES and the insufficient en-
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ergy can be purchased from the grid. The generation, pro-
cessing, storage, and distribution of multi-state hydrogen can
be modeled as P2MH module. In the P2MH module, the hy-
drogen is generated by electrolyzer in form of water electrol-
ysis. The generated hydrogen is branched into two sub-
streams and separately flows into the compressor and the re-
frigerator to be processed into the high-pressure gas and
cryogenic liquid with desirable quality and quantity. When
the processed hydrogen generation rate is higher than the de-
mand, the surplus hydrogen is stored in storage tanks. Fur-
thermore, the operation of the electrolyzer is incented to be
curtailed by DR signals during on-peak hours to support the
grid. The transformed electricity and the produced hydrogen
commodities are delivered to the output ports of the energy
hub for consumers. The generated gaseous and liquid hydro-
gen is transported to the retailers with tube trailers.

; RES units |
’ Grid ‘ } ’PV units Wind turbines |\ -~ ‘
l R l”””“ 3 Power 3
Electricity } load !
1 .| | Gaseous | !
: i1 |hydrogen| |
Water : Compressor | ! !
Electrolyzer %ﬁj" Liquid 43—» Liquid | |
! . reservoir | '+ |hydrogen| |
| Refrigerator | 1 :
. P2MH .\ Consumers
— Electricity; — Raw hydrogen
— Compressed hydrogen; — Liquid hydrogen
Fig. 1. Configuration of energy hub for gaseous-liquid hydrogen genera-

tion and storage plant.

B. Proposed P2MH Model

The mathematical model of P2MH process is used to ana-
lyze the hydrogen flow rate constraints and the energy con-
version relation among electrolysis, compression, liquefac-
tion, and storage processes, which can be incorporated into
the proposed MPOS algorithm to minimize the operation
costs, as depicted in Fig. 2.
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Fig. 2. Schematic diagram of P2MH model.

The target of the P2MH model is to derive the relation-
ship between working power and hydrogen generation rate
of electrolyzer, compressor, and refrigerator. Supposing the
required gaseous and liquid hydrogen generation rates are 7
and r/, respectively, which are acquired with the proposed
MPOS algorithm, the required working power P, P<", and
P! can be deduced based on the electrochemical and ther-
modynamic characteristics of the corresponding devices.

1) Electrolysis Process

The hydrogen is generated by the electrolyzer through wa-
ter electrolysis. The proton exchange membrane electrolyzer
(PEME) is selected for its faster adaptation capability and
quicker ramp rate integrated with RESs [27]. The required
hydrogen generation rate is determined by the hydrogen feed-
ing rate required by compressor and refrigerator.

lz 1
rre :r;g+ elz(rr)

M

To guarantee the hydrogen supply for the compressor and
refrigerator, according to [2], the working power of the elec-
trolyzer can be calculated (by power calculator 1 in Fig. 2)
as:

1 P2H % elz
elz t
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2) Compression Process

The pressure of highly compressed hydrogen should be
700 bar for hydrogen-powered vehicles (HVs) [9]. The gas
compression process can be usefully approximated by a poly-
tropic process. The compressor performed work can be calcu-
lated (by power calculator 2 in Fig. 2) as:
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3) Liquefaction Process

To investigate the required working power of the refrigera-
tor as well as the deviation between the hydrogen feeding
rate f,.(r) and the liquid hydrogen generation rate r/, the
thermodynamic process of the Claude cycle refrigerator [15]
is analyzed, as shown in Fig. 3. Blue lines of different
depths present the cooled hydrogen in different temperatures.

Heat
Compressor
exchanger 1
r[m z
rp
Heat
Expander
Flow rate P exchanger 2

Jo:(rl, L) | caleulator
A X 7y
‘ whorlz,y

Gaseous hydrogen (/)

Liquid hydrogen (r/) Heat

exchanger 2

Reservoir| T

valve

- - - Input signal; - - - Output signal

Fig. 3. Thermodynamic process of Claude cycle refrigerator.

The feeding gas supplied by electrolyzer and the uncon-
densed gas flowing back are mixed to form the mainstream
gas flow r". The mixed gas flows through the compressor,
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heat exchangers, and Joule Thomson (J-T) valve to be
cooled. The expander is allocated to increase the cooling ef-
fect and decrease the inlet temperature of J-T valve. Based
on the analysis above, the relationship among f,, (r/), r/, and
r" can be depicted as (4). Equation (5) illustrates the rela-
tion between the liquefied stream and the mainstream. The
relation between the liquefied stream and the stream flowing

back is described as (6).

r;": elz(rtl)+rtb (4)

ri=r'(l-2)y 5)
b_ ( _y)”tl

=T (6)

Substituting (5) and (6) into (4), the relation between
f.. () and r! can be deduced as:
Ja:(r)=r, (7
It can be found that the required hydrogen feeding rate is
equal to the liquid hydrogen generation rate without consid-
ering the variation of the required liquid hydrogen genera-
tion rate. In fact, the liquid hydrogen generation rate is
changed with the variation of demands, and the required hy-
drogen feeding rate is not equal to the liquid hydrogen gener-
ation rate due to the uncondensed portion of hydrogen. At
this time, the hydrogen feeding rate should compensate the
liquefied part and the variation of the uncondensed portion.
The detailed derivation process can be deduced as:

! b
rrm: elz(rt)+rt71

I_ _.m _
ry=r; (1 Z)y] (8)
b _ (l_y)rt—l
re =
y

Based on (8), when the required liquid hydrogen genera-
tion rate changes, the required hydrogen feeding rate can be
obtained by (9) (by flow rate calculator), as shown in Fig. 3.
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The relationship between working power and the required
liquid hydrogen generation rate can be calculated (by power
calculator 3 in Fig. 2) as:

Pthq:%'qnwfrtl (10)
4) Storage Process

When the generated hydrogen quantity is higher than the
demand, the surplus hydrogen is stored in the tank. Other-
wise, the insufficient hydrogen is supplemented by the hydro-
gen accumulated in the tank. The SOC of the hydrogen stor-
age system can be presented as:

i

SOCg= o {Qg'i“‘JrAT >rs- rtg")} (11)
’ =1
k

50C;= Q,,lmax {Q““WAT Dr=rf )} (12)
t=1

It is worth noting that the evaporation loss in the liquid
hydrogen reservoir is taken into account in this paper since
it is not possible to prevent all heat from flowing into the
tank [3].

0y =1—7")0; (13)

C. Multi-energy Coupling Matrix

The proposed energy hub model is a multi-input multi-out-
put system, which is composed of several modules including
renewable energies, P2MH module, and consumers. In order
to achieve the optimal operation of the system, the couplings
and interactions among different equipment should be explic-
itly analyzed. Based on the established system framework in
Section II-A and the formulated P2MH model in Section II-
B, a multi-energy coupling matrix can be derived to inte-
grate all the modules in the system, which can exhibit the
mapping of power from the input to the output, as shown
in (14).

1 -y
1.1 _ 1 1
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As depicted in Fig. 1, the energy hub consumes the ener-
gy generated by renewable energy and purchases the insuffi-
cient energy from the grid, then delivers the transformed
electric energy and the produced hydrogen commodities to
consumers. The surplus energy can be stored in the state of
gaseous or liquid hydrogen. We assign the input vector I
consisting of the input power variables (P”, P", P°) and the
input hydrogen variables (+#, 7). The output vector O is as-
sumed to include L%, /%, and #* (r*+r“=¢"). The conver-
sion from input vector to output vector can be modeled with
multi-energy coupling matrix C. In the matrix, the output
power of converters is regarded as the product of their effi-
ciencies and inputs.

The multi-energy coupling matrix is not only the integra-
tion of the energy hub internal energy flow but also the foun-
dation for the optimal scheduling algorithm. The dispatch
factors of the matrix can be optimized with the proposed
MPOS algorithm illustrated in the next section to enhance
the energy conversion efficiency and operation economy of
the whole system.

III. PROPOSED MPOS ALGORITHM FOR GASEOUS-LIQUID
HYDROGEN GENERATION AND STORAGE PLANTS

Based on the couplings and interactions among system in-
ternal devices modeled by the multi-energy coupling matrix
in the above section, the MPOS algorithm is formulated to
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optimize the dispatch factors in the matrix to enhance the
economic feasibility of the facility, as shown in Fig. 4. Spe-
cifically, information profiles including renewable energy
curves, fuel demand of the transportation sector, electricity
price, and DR signals are incorporated into the module of
proposed MPOS algorithm. To take into account the charac-
teristics of multi-state hydrogen, the hydrogen-related cost
profiles are also input into the algorithm module. Besides,
the scenario-based method is deployed to take into account
the uncertainty introduced by renewable energy, wholesale
market, and hydrogen loads. In this regard, Monte Carlo sim-
ulations are implemented to obtain a set of scenarios in
which each scenario expresses a possible status of stochastic
variables. Then a scenario reduction technique is further uti-
lized to reduce the computational cost.

yhd pDR
Transportation - -~ - - Jpvmax 1 | ppy ---m----- Electricity
GHP" | P, P P/ s N K
sector LH”""’: pwhmax ! ' pwt ! pe_pDRM market
R N S
bl -{ MPOS algorithm }_”””,”“
SOC’/E r;’fl 777777 Pfi!q 77777 Ii ’ej:’: 777777777 P;j)i” 77777 rjgd ESOC&'
-2 ! l . (2
Liquid @ M Gas
tank tank
Heat  Electrolyzer Lo
exchanger
Liquid Gaseous
hydrogen hydrogen
demand demand

— Raw hydrogen; — Compressed hydrogen
— Liquid hydrogen; - - - Input signal; - - - Output signal
Generation; = Storage;  Transportation

Fig. 4. Schematic diagram of proposed MPOS algorithm.

Based on the generated scenarios, the scheduling signals
are generated with the proposed MPOS algorithm to sched-
ule the generation, compression, liquefaction, storage, and
transportation of hydrogen. Based on the above process, fuel
supply to the transportation sector and DR to the grid are ex-
ecuted simultaneously.

A. Energy Scheduling Objective

Based on the proposed energy hub model, the objective of
the proposed MPOS algorithm can be set to maximize the
profit of the facility, as shown in (15). The control variables
can be assigned as P, P"', r& " r¢, y', PP and Pe.

NS NT
max | > p, > (R7 = 7 = OPEX, = CT (15)
s=1 t=1

The characteristics of the proposed MPOS algorithm are
summarized as follows: (1) the complementarity of different
hydrogen products is considered; (2 ancillary service is pro-
vided to the grid for additional revenue; and (3 the uncer-
tainty introduced by stochastic variables is considered. It is
worth noting that on the one hand, not only the selling pric-
es but also the generation, storage, and transportation of mul-
tiple state hydrogen are different. On the other hand, the
electricity price is diverse in different time periods. Conse-
quently, the generated quantity and time of different hydro-
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gen products can be optimized to enhance the economic fea-
sibility of the facility. Supposing the total hydrogen demand
is a certain amount, the selling quantity of gaseous and lig-
uid hydrogen can be optimized to maximize the operation
revenue, and the generation rate in different time slots of dif-
ferent hydrogen products can be determined to minimize the
operation costs.

Specifically, the objective function (15) consists of four
terms. The first term R} in (15) describes the operation reve-
nue, which is composed of the hydrogen selling revenue R,
and the ancillary service provision revenue R”, as shown in
(16). RY, is equal to the product of hydrogen selling price
and commodity quantity, as shown in (17); while R} is
equal to the product of the incentive price and the electric
energy served for DR, as shown in (18). The DR signal is
assumed as P”® and the slack variable P”*" is introduced to
increase the flexibility of service provision.

R=R +RJ (16)
R! =GH"*-r&+LH" -’ (17)
RP¥=DR -(PPF— PP (18)

The second term CF in (15) describes the electric energy
consumption costs, which is composed of three parts, as
shown in (19). The first two terms in (19) are the operation
costs of photovoltaic units and wind turbines [28], [29]. Giv-
en the decline in investment costs for renewable energy, op-
eration and maintenance (O&M) costs become increasingly
important. To take into account this portion of costs, the self-
used renewable energy is regarded as the operation costs
considering that if this part of energy is sold to the grid, an
extra income can be achieved. The third term in (19) de-
scribes the costs of energy purchased from the grid.

Cl=Cc"P?+C"P"+C; P?, (19)

The equipment utilization will result in wear and tear. The
third term OPEX_, in (15) describes the operation expendi-
ture (OPEX) due to hydrogen generation, processing, and
storage, which can be expressed as:

OPEX, ,=O0C*- P+ 0C“" - P&+
OC™-Pl+0C*- Q¢ +0C"- 0L, (20)

The generated hydrogen should be transported to the retail-
ers with tube trailers, e.g., HFS. The fourth term C in (15)
describes the total transport costs of hydrogen commodities,
which can be expressed as:

ClP=TC*. rs!4+TC' - 1" Q1)

B. System Constraints

1) Power Balance Constraints
The power supplied by photovoltaic units, wind turbines,
and the grid should guarantee the generation, processing,
and storage of hydrogen in each time slot.
P2H ! com ref
ToCiud | T2 % pr ey,
n n n

(22)
2) RES Capacity Constraints

The output power of photovoltaic units and wind turbines
should be within their maximum capability.
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0< Py <pPry™™ (23)

0<P<Pl;™ (24)
3) Grid Power Constraints
The power purchased from the grid should not exceed the

maximum interaction capacity and is nonnegative.
0L ps, < psm=
4) Hydrogen Supply Constraints
The gaseous and liquid hydrogen supplied to consumers

should be nonnegative, whose summation should not be larg-
er than the total hydrogen demand.

(25)

rff+r$£ ri’f (26)
ré=0 ”;
rld > 0 ( )

RN S

5) Equipment Capacity Constraints

Hydrogen generation rate of electrolyzer, hydrogen pro-
cessing rate of compressor, and refrigerator should be within
their physical limitations, as shown in (28)-(30), respective-
ly. It is worth noting that the operation of the electrolyzer is
also impacted by the DR signals commanded by the grid, as
shown in (28). The slack variable of DR power should not
exceed the value of DR signals, as shown in (31). The gas-
eous and liquid hydrogen generation rate should be nonnega-
tive, as shown in (32).

elz DR DRM
U (P.x‘t _Ps.,t

re[z, min < ril/z < relz, max __ HPZH (28)
rcom.min < r;gjt < g-com max (29)
I”rej;min < I’A:_t < I"refmax (3 0)
0 < PPRY < pPR 31)
rf,20
50 (32)

st =

6) Hydrogen Storage Constraints
The SOC of both gas tank and liquid reservoir should be
within their physical limitations for security in every time slot.

SOC#™ < SOC#, < SOCH™ 33)
SOC'™" < SOC! ,<SOC"™* (34)

IV. CASE STUDIES

A. System Data and Configuration

In this paper, the proposed energy hub model depicted in
Fig. 1 is utilized to validate the performance of the proposed
MPOS algorithm for every hour over a week. The facility is
comprised of an electrolyzer, a compressor, a refrigerator,
gas tanks, and liquid reservoirs. A hybrid RES composed of
photovoltaic units and wind turbines is allocated for the pow-
er supply. Wind and solar data are set with history data giv-
en in [4]. The hydrogen demand of the facility is presented
by aggregation of the transportation sector, e.g., HFSs, whose
profiles are set with history data given in [4]. The wholesale
electricity price is forecasted with historical price data taken
from [2]. The modeling and simulation parameters are sum-
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marized and listed in Table I [1]-[3].

To take into account the uncertainty factors, the wind
speed, solar radiation, electricity price, and hydrogen de-
mand are assumed to be approximately normal distribution,
whose averages are equal to forecasting values and the stan-
dard deviations are 10%, 10%, 5%, 10%, respectively. The
problem is formulated as a scenario-based stochastic optimi-
zation formulation, which can be implemented with the
YALMIP toolbox in MATLAB. The CPLEX solver on an 8§
GHz Intel Core i7 CPU and 8 GB RAM personal computer
is utilized to solve the problem.

TABLE I
MODELING AND SIMULATION PARAMETERS

Unit Parameter
1177=32.04 kWhikg, 7= 60%, r*“™=250 kg/h,
rEmin=0 kg/h, C*=600 $/kW,
OC*=3%x C**/8760 $/kWh
11" =3.74 KWh/kg, 7" = 63%, re""™ =250 kg/h,
remmin=0 kg/h, C“"=4.6 k$/kW,
OC“"=4% x C*" /8760 $/kWh
11"7=13.24 kWhkg, 7"?=60%, z=0.2, y=0.6,
=250 kg/h, ™" =0 kg/h, C=2.5 M$/(v/d),
0C"™'=8%x C"/8760 $/kg
Q8™ =2500 kg, Q™" =250 kg, C5=595 $/kg,
OCE=2% x C#/8760 $/kg
0" =2500 kg, O"™"=250 kg, y**=0.03% d',
C'=30 $/kg, OC'=2% x C'/8760 $/kg
TC¢=0.68 $/kg, TC'=0.15 $/kg [30]
GH" =10 $/kg, LH" =12 $/kg
DR =0.03 $/kWh [2]

Electrolyzer

Compressor

Refrigerator

Gas tank

Liquid reservoir

Transport
Hydrogen price
DR price

Renewable

. CP'=0.05 $/kWh, C""=0.05 $/kWh [28], [29]
generation cost

B. Analysis of Scheduling Results

The proposed MPOS algorithm illustrated in Section III is
utilized to determine the optimal working points of devices
in the plant for profit maximization. The electricity price
curve shown in Fig. 5(a) is higher during peak hours and
lower during off-peak hours. The fuel delivery from the facil-
ity to the consumer site is assumed to take place at the end
of the day [4], as shown in Fig. 5(b).

price ($/kWh)
R
P
X o B »

Electricity

0 24 48 7296 120 144 168
Time (hour)
(a)

Hydrogen
demand (kg/h
S
(=3
S

144

=

8 72 96
Time (hour)

(b)

Fig. 5. Electricity price and hydrogen demand over a week. (a) Electricity
price. (b) hydrogen demand.

120 168
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The optimal scheduling results of the gaseous-liquid hy-
drogen generation and storage plant with the proposed
MPOS algorithm over a week are depicted in Fig. 6. Figure
6(a) describes the hydrogen generation rate of electrolyzer. It
can be observed that it is composed of two parts. One is sup-
plied to the compressor and another is fed to the refrigerator.
Figure 6(b) presents the generation rate of the high-pressure
gaseous hydrogen, which is also the hydrogen feeding rate
required by the compressor. Figure 6(c) depicts two curves,
which are the liquid hydrogen generation rate and the hydro-
gen feeding rate required by refrigerator, respectively. It can
be observed that these two curves are different, which dem-
onstrates that the proposed P2MH model can effectively dis-
tinguish the deviation between these two issues due to the
impact of the uncondensed hydrogen gas in the refrigerator.
Furthermore, it is worth noting that the high-power opera-
tions of not only electrolyzer but also compressor and refrig-
erator all occur during lower-electricity-price periods to re-
duce hydrogen generation costs, which matches the expecta-
tion.

~ 300 = Gaseous; mm Liquid

=
& 200
< ool
5 100
o
0 24 48 72 96 120 144 168
Time (hour)
(a)
300
=
ED 200
= 100
~
0 24 48 72 96 120 144 168
Time (hour)
(b)

rl, for. (kg/h)

0 24 48 72 9
Time (hour)

©

Fig. 6. Optimal scheduling results of gaseous-liquid hydrogen generation
and storage plant with proposed MPOS algorithm over a week. (a) Electro-
lyzer. (b) Compressor. (c) Refrigerator.

Figure 7 shows the scheduling results of electrolyzer with
and without consideration of DR signals over a week.

Supposing DR signals occur during peak-electric-load peri-
ods, it can be observed that the electrolyzer can be incentiv-
ized to be shifted during peak-electric-load period when con-
sidering the DR signals, which can effectively support the
grid and earn additional revenue.

The SOC curves of the hydrogen storage devices over a
week are depicted in Fig. 8. It can be observed that the
SOCs of gas tank and liquid reservoir both decrease when
the hydrogen demand exceeds the generation and vice versa.
It is worth noting that the accumulated gaseous hydrogen in
the gas tank in every time slot is less than the liquid hydro-
gen. This is because the storage cost of liquid hydrogen are
less than that of highly compressed gaseous hydrogen,
which is in favor of operation cost reduction.

4000,
<
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Time (hour)
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5 100}
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Fig. 7. Scheduling results of electrolyzer with and without consideration

of DR signals over a week. (a) DR signals. (b) Hydrogen generation rate of
electrolyzer with and without consideration of DR signals.

— Gaseous; — Liquid

0 24 48 72 96 120 144 168
Time (hour)

Fig. 8. SOC curves of hydrogen storage devices over a week.

C. Comparative Results and Analysis

For in-depth investigations on the effectiveness and superi-
ority of the proposed methodology, five cases are adopted
for comparative analysis and discussions. The optimization
is performed over a week.

1) Case 1: gaseous-liquid hydrogen generation and storage
plant with the consideration of DR signals.

2) Case 2: gaseous hydrogen generation and storage plant
without the consideration of DR signals [31].

3) Case 3: gaseous hydrogen generation and storage plant
with the consideration of DR signals [1].

4) Case 4: liquid hydrogen generation and storage plant
without the consideration of DR signals [16].

5) Case 5: liquid hydrogen generation and storage plant
with consideration of DR signals.

1) Economic Comparison

The RES generation costs, hydrogen generation, storage,
transportation costs, power purchase costs, hydrogen selling
revenue, and DR provision revenue are considered to ana-
lyze the economic feasibility of the proposed MPOS algo-
rithm. The economic results are presented in Table II.

It can be observed that the total profit during one week in
case 1 is the largest, which can earn $4084, $3415,
$326981, and $26350 more than cases 2, 3, 4, and 5, respec-
tively. Within one year, the stack income of the proposed
MPOS algorithm can reach $212941, $178043, $1406880,
and $1373963 more than cases 2, 3, 4, and 5, respectively.
This validates the effectiveness of the proposed MPOS algo-
rithm. For single-product generation, the generation cost for
high-pressure gaseous hydrogen (cases 2 and 3) are lower
than that of cryogenic liquid hydrogen (cases 4 and 5), but
the storage and transportation costs of gaseous hydrogen are
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higher. Besides, the selling revenue of gaseous hydrogen
(cases 2 and 3) is less than that of liquid hydrogen (cases 4
and 5). This is consistent with the characteristics of hydro-
gen with different states. For the proposed MPOS algorithm,
the operation costs are larger than those in gaseous-hydro-
gen-based operation mode (cases 2 and 3) and smaller than
those in liquid-hydrogen-based operation mode (cases 4 and
5). The revenues are also larger than those in gaseous-hydro-

gen-based operation mode and smaller than those in liquid-
hydrogen-based operation mode. But the total profit with the
proposed MPOS algorithm is the largest (case 1). This dem-
onstrates that the advantages of different products can be de-
ployed comprehensively with the proposed MPOS algorithm.
Furthermore, the profit of the cases with consideration of
DR signals is higher than that without consideration of DR
signals, which is constant with the expectation.

TABLE II
EcoNoMIC RESULTS

Cost ($) Revenue (8$)
Case . Hydrogen Hydrogen Hydrogen Power Hydrogen . Total profit
RES generation generation storage transportation purchase selling DR provision ®
1 80210 97610 300 16190 17400 361380 630 247120
2 68730 70720 580 22940 1990 337390 0 243040
3 68730 70720 580 22940 1990 337390 670 243710
4 90040 177710 30 5060 87670 404880 0 220140
5 90040 177710 30 5060 87670 404880 630 220770

Figure 9 presents the SOC curves of hydrogen storage in
different cases. It can be observed that, compared with other
cases, the accumulated quantity of gaseous hydrogen is the
smallest while the accumulated quantity of liquid hydrogen
is the largest in most time slots in case 1. This is consistent
with the characteristics of hydrogen products that the storage
costs of gaseous hydrogen are lower than liquid hydrogen.

& i
3 ‘
%)
|
168
Time (hour)
— Case 1 (gaseous); — Case 1 (liquid); - - - Case 3; --- Case 5

Fig. 9. SOC curves of hydrogen storage in different cases.

2) Renewable Energy Accommodation Comparison

To investigate the impact of proposed MPOS algorithm on
renewable energy accommodation, the renewable energy con-
sumption ratio W, _is used as the index.

acc

NS NT
SNPH+P)
Wacc = NS ;\;"1 = X 100% (35)

EZ(P:V; max Pézj max

s=11=1

The comparison of renewable energy accommodation re-
sults in different cases are depicted in Table III. It can be ob-
served that the consumption ratio of RES in case 1 is larger
than that in cases 2 and 3 while less than that in cases 4 and
5. Since the energy consumption of highly compressed gas-
eous hydrogen is lower than that of liquid hydrogen and the
storage cost of gaseous hydrogen is higher than that of lig-
uid hydrogen, the highly compressed gaseous hydrogen is
unfavorable for renewable energy accommodation, which
have the characteristics of high intermittence and fluctuation.
And the situation is opposite for liquid hydrogen. Therefore,

compared with cases 2 and 3, where gaseous hydrogen is
produced individually, the proposed MPOS algorithm can
promote renewable energy accommodation to some extent,
as shown in Table III. But the energy consumption and trans-
portation cost of liquid hydrogen is high, which is unfavor-
able for economic operation. Consequently, compared with
cases 4 and 5, where liquid hydrogen is produced individual-
ly, the proposed MPOS algorithm can enhance the economic
feasibility, as shown in Table II.

TABLE III
RENEWABLE ENERGY ACCOMMODATION RESULTS

Consumed energy Total energy Consumed ratio

Case

(MWh) (MWh) (%)

1 1500.9 1782.7 84.19
2 1393.6 1782.7 78.18
3 1393.6 1782.7 78.18
4 15162 1782.7 85.05
5 15162 1782.7 85.05

D. Sensitive Analysis

In order to analyze the influence of RES capability, elec-
trolyzer capacity, and DR signals on the operation perfor-
mance of the facility, the proposed MPOS algorithm is per-
formed under the change of the above parameters, whose
values are respectively set to be 80%, 100%, and 120% of
the initial values.

1) Influence of RES Capacity

The impact of RES capacity change on the facility profits
are illustrated in Table IV. It can be observed that, due to the
lower costs of energy generated by renewable energies com-
pared with energy purchased from the grid, the profit increas-
es with the increase of RES capacity in all cases. Specifical-
ly, when the RES capability increases from 80% to 120% of
the initial value, the profit grows $15918, $2568, $2568,
$43818, and $43824 in cases 1, 2, 3, 4, and 5, respectively.
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TABLE IV
IMPACT OF RES CAPACITY CHANGE ON FACILITY PROFITS
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TABLE VI
IMPACT OF DR SIGNAL CHANGE ON FACILITY PROFITS

Profit ($) Profit ($)
Case Case
80% 100% 120% 80% 100% 120%
1 233440 243810 249360 1 246540 246710 246880
2 233150 235680 235720 2 236810 236810 236810
3 234100 236620 236670 3 237490 237660 237830
4 193810 217870 237630 4 223030 223030 223030
5 194750 218820 238570 5 223710 223880 224050

It can be found that the profit increment with the pro-
posed MPOS algorithm (case 1) is larger than that in gas-
eous-hydrogen-based operation mode (cases 2 and 3) and
smaller than that in liquid-hydrogen-based operation mode
(cases 4 and 5). Furthermore, the total revenue of case 1 re-
mains the largest compared with other cases, which demon-
strates the economic feasibility of the proposed MPOS algo-
rithm.

2) Influence of Electrolyzer Capacity

The impact of electrolyzer capacity change on the facility

profits is shown in Table V.

TABLE V
IMPACT OF ELECTROLYZER CAPACITY CHANGE ON FACILITY PROFITS

Profit ($)
Case
80% 100% 120%
1 215270 248340 256020
2 229300 244430 245200
3 229670 245250 246020
4 199490 216360 223550
5 200040 217190 224380

It can be observed that, with the increase of electrolyzer
capacity, the profits in different cases all increase. This is be-
cause more generation can be gathered in lower-electricity-
price hours with larger electrolyzer capacity for lower hydro-
gen generation costs, which is consistent with the expecta-
tion. However, the investment costs will increase and the
time utilization efficiency of the electrolyzer will decrease,
which is unfavorable for economic operation. But it is out of
the scope of this paper. Furthermore, it is worth noting that
the total profit in case 1 remains the largest with different
electrolyzer capacities, which is in favor of the validation of
the effectiveness of the proposed MPOS algorithm.

3) Influence of DR Signals

Table VI presents the impact of DR signal change on the
facility profits. It can be observed that the week stacked
profits increase with the required power indicated by DR sig-
nals.

This indicates that the more DR ancillary service is pro-
vided, the more DR revenue can be acquired. The participa-
tion of DR ancillary service can further enhance the econom-
ic feasibility of the facility. It is worth noting that the profit
in case 1 keeps the largest regardless of the change of DR
signals, which demonstrates the effectiveness of the pro-
posed MPOS algorithm.

V. CONCLUSION

The cost-efficient hydrogen supply is the foundation for
the application of hydrogen-based transportation. In this pa-
per, the MPOS algorithm considering complementarity of dif-
ferent products is proposed to enhance economic feasibility
for the gaseous-liquid hydrogen generation and storage plant
powered by renewable energies, which can simultaneously
achieve fuel supply to the transportation sector and ancillary
service to the grid. The numerical studies demonstrate the
stacked benefits of the proposed MPOS algorithm. The
scheduling results validate that the proposed MPOS algo-
rithm can realize the economic operation of hydrogen genera-
tion, processing, and storage through working during lower-
electricity-price periods and the optimal distribution of gas-
eous and liquid hydrogen products. The comparative results
show that the return rate of the facility increases with the
complementarity of different hydrogen products. Besides, the
MPOS algorithm with DR signals can achieve further profit
enhancement. Furthermore, more hydrogen products with
new characteristics can be easily incorporated into the formu-
lated framework, which can be studied in future work.
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