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Two-Stage Optimal Operation
Management of a Microgrid
Considering Electricity-Hydrogen
Coupling Dynamic Characteristics

Xinrui Liu*, Weiyang Zhong, Min Hou and Yuqing Luo

College of Information Science and Engineering, Northeastern University, Shenyang, China

The uncertainty and volatility of renewable energy generation lead to large amounts of
abandoned electricity. The electricity-hydrogen coupling microgrid (EHCM) consists of the
proton exchange membrane electrolytic cell (PEMEC), liquid organic hydrogen carrier
(LOHC) hydrogen storage, proton exchange membrane fuel cell (PEMFC). The structure
helps to increase the utilization of wind and photovoltaic power. The scheduling of an
EHCM is very challenging. This paper proposes the optimal operation of a microgrid
considering the uncertainty of wind speed, light, and the coupling of electricity and
hydrogen. The electricity-hydrogen coupling model and hydrogen market model are
constructed. The microgrid provides ancillary services to the grid while meeting
hydrogen demand. The above model is solved using a two-stage optimization method
with time scales of day-ahead and intra-day. Finally, taking the IEEE 33-node microgrid as
an example, the effectiveness of the proposed model is verified. The results of the case
show that the proposed method can obtain more benefits and reduce carbon emissions.

Keywords: hydrogen generation, fuel cell, liquid organic hydrogen carrier, microgrid, renewable energy, grid
auxiliary service

INTRODUCTION

The 2015 Paris Climate Conference proposed limiting climate change to “well below 2°C”, which led
to research on replacing traditional fossil energy with renewable energy. President Xi Jinping
announced in 2020 that China will peak carbon dioxide emissions before 2030 and carbon neutrality
before 2060. In this context, finding out green energy to replace fossil fuels to reduce carbon
emissions is a very hot issue (Muyeen et al,, 2011). Among various energy types, hydrogen is
considered as a clean energy source. The reaction of the hydrogen fuel cell and the combustion of
hydrogen are zero carbon emissions. Hydrogen can be used in heating systems, power generation
systems (Chapman et al,, 2019; Berger et al., 2020), industrial processes, and hydrogen fuel cell
vehicles (Ramachandran and Menon, 1998; Marini et al., 2012; Zuo et al., 2021). It can be applied in
many ways in the future (Jin et al., 2021; Liu et al., 2021; Zhang et al., 2021). The research about the
production, transportation, and application of hydrogen is worthy of study.

It is very important to study the relationship between power systems and the application of
hydrogen. Hydrogen production by electrolysis is considered to be one of the most efficient forms of
hydrogen supply. In recent years, there has been a great deal of research into the use of renewable
energy sources to produce hydrogen from abandoned electricity. China has the largest installed
capacity of photovoltaic and wind power, and the renewable energy supply and demand show an
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inverse distribution trend. The installed wind power capacity in
the “Three North” region accounts for 80%. The demand of
electricity is concentrated in the central and eastern parts of
China, which leads to an imbalance between electricity
production and consumption (Liu et al., 2020; Qiu et al,
2022). The high penetration of renewable energy may cause
intermittency and reliability problems for the grid. Microgrids
provide efficient energy management for the integrated use of
various distributed power sources, such as wind turbines and
photovoltaics (Wang et al., 2013). Distributed generations are
connected to the microgrid as a power bi-directional controllable
aggregator. The distribution network does not have to directly
face different types and nature of generating units (Zhang et al.,
2017). The reliability and economy of distributed generations are
enhanced. By using multi-energy complementarities and energy
laddering (Wu et al., 2017), the energy utilization efficiency of the
entire distribution network is eventually improved, and pollution
emissions are significantly reduced (Jia et al., 2015; Li et al., 2015;
Zhou et al., 2018).

The microgrid with the coupling of electricity and hydrogen
can provide power to the grid, auxiliary services to the power
market, and hydrogen to the hydrogen market.

A microgrid containing electrolytic cells and hydrogen fuel
cells is established (Li et al., 2021), and a power capacity allocation
with hydrogen as a flexible resource is proposed. A multi-
objective optimization model with the lowest annual operating
cost and the highest flexibility is established. The capacity
allocation method of hybrid energy storage microgrid with the
coupling of electricity and hydrogen is proposed in (Kong et al.,
2021). The capacity allocation result with optimal integrated
economy and power supply reliability is solved by particle
swarm algorithm. In (Garcia et al, 2013), an energy
management model is proposed for microgrids containing
renewable energy sources, batteries, and hydrogen storage
devices to optimize the operating costs of individual
microgrids. Similarly, a microgrid energy management system
is proposed in (Garcia et al, 2016). It takes into account the
lifetime of the hydrogen system and battery storage to reduce
operating costs. A hydrogen-based system for rural communities
is built in (Mendis et al, 2015), where hydrogen is used to
optimize renewable energy utilization and perform active/
reactive power management.

In some remote areas where renewable energy is abundant, it is
difficult to build large hydrogen transmission pipelines.
Hydrogen is transported by liquefaction (Reuf3 et al., 2017). A
promising method for storing and transporting hydrogen is
hydrogen carriers, which keep hydrogen in some other
chemical state (Fikrt et al, 2017). The concept of liquid
organic hydrogen carriers (LOHCs) was introduced in the
1970s and 1980s (Taube et al., 1983). The process is to store
hydrogen in the hydrogenation product through the reaction
between unsaturated organic matter and hydrogen. The
dehydrogenation process is to release hydrogen gas through a
dehydrogenation reaction. The advantages are safety in
transportation, storage, etc. Hydrogen can be transported and
stored by appropriate adaptation of the existing infrastructure
(Song et al., 2021). Hydrogenious Technologies (Hydrogenious

Electricity-Hydrogen Coupling Microgrid

LOHC Technologies, 2022) and H2-Industries (H2 Industries,
2022) of Germany used isomers of dibenzyltoluene as the main
storage and transportation material for LOHCs. Wang et al.
(Wang et al, 2017) compared N-ethylcarbazole hydrogen
storage and high-pressure hydrogen storage. The efficiency of
both can be equal without considering heat loss. Yang et al. (Yang
et al., 2017) account that the hydrogen utilization using 70 and
35 MPa gas tanks and N-ethylcarbazole carriers are about 86,
88.3, and 88.7%. Niermann et al. (Niermann et al., 2019) studied a
hydrogen storage process framework to compare the effect of
different LOHCs materials and high-pressure hydrogen storage
on the efficiency. Finally, considering the waste heat utilization of
fuel cells, the overall chain efficiency of LOHCs exceeds that of
high-pressure hydrogen storage. Therefore, LOHCs are
recommended as a safer and more efficient way to store and
transport hydrogen.

Hydrogen storage has been less studied in microgrids. A
control scheme is proposed in (Recalde Melo and Chang-
Chien, 2014) to coordinate offshore wind farms and hydrogen
management systems to reduce the impact of wind power
intermittency. Cost minimization and equivalent hydrogen
consumption calculation methods are used in (Pu et al., 2019).
Hydrogen storage is used for the consumption of excess
electricity, which can achieve the minimum cost and energy
storage state balance. An energy management method is
proposed in (Li et al, 2020) to meet the demand of the
microgrid, and to convert the excess electricity into hydrogen.
The fuel cell is discharged when there is a power shortage. The
energy management is achieved through coordinated control of
various devices. The above work does not take into account the
technical challenges of storage and transportation, while the
ancillary services market is considered in the optimal
scheduling model proposed in (El-Taweel et al, 2019).
However, the model only considers demand response
programs and ignores the possibility of using fuel cell units.
The model in (El-Taweel et al., 2020) does not consider fuel cells,
which limit the ability of the hydrogen production and storage
system to provide multiple grid services. In summary, although
previous work has included many aspects, a reasonable integrated
model of microgrid coupled with electricity and hydrogen has not
been studied. To solve the above problems, a coupling of
electricity and hydrogen microgrid model based on LOHC for
hydrogen storage and transportation is developed in this paper.

The contributions of this paper are as follows: 1) The
microgrid model considers the constraints of grid and
electricity-hydrogen ~ coupling  units, the  operational
characteristics of power to hydrogen and hydrogen storage. It
reduces errors arising from the fixed efficiency of the traditional
model, and improves the utilization of renewable energy
generation. 2) The PEMFC power generation system consists
of PEMFCs and batteries. And the characteristics of the PEMFC
are considered to make it a guaranteed power generation unit.
The microgrid can participate in grid auxiliary services to
maximize microgrid revenue. 3) Day-ahead and intra-day
multi-timescale scheduling is adopted to deal with the
uncertainty of renewable energy. The day-ahead objective is to
maximize the daily income of the microgrid, which is dispatched
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FIGURE 1 | The structure of EHCM.

using mixed integer linear programming (MILP). In intra-day
scheduling, model predictive control (MPC) is embedded in
mixed integer quadratic programming (MIQP) to reduce
prediction errors and achieve real-time control. 4) The EHCM
meets hydrogen demand and power demand. The application of
LOHC technology and the sale of oxygen is considered, which can
improve safety and economy. The EHCM forms a zero-carbon
energy system, which is significant for the future development
and application of hydrogen.

THE EHCM MODEL

The Structure of an EHCM
The structure of the EHCM based on LOHC is shown in Figure 1.
The EHCM mainly consists of wind turbines, PV panels, PEMEC,
PEMFC, storage batteries, electrical loads, etc. It constitutes a
closed-loop energy system of “electricity - hydrogen - electricity,”
and it can meet the hydrogen demand of the hydrogen market.
As can be seen from Figure 1, the LOHC-based hydrogen
supply chain consists of an AC-DC converter, a PEMEC, a
hydrogenator, and a LOHC storage tank. The PEMEC uses
excess power to produce hydrogen, and hydrogen is passed
through a hydrogenator to combine it with organic solvents to
form LOHC. When the PEMFC receives the power generation
signal, the hydrogen production and storage system based on
LOHC uses the dehydrogenation reaction to meet the demand of
the microgrid and grid auxiliary services. LOHC can also
transport hydrogen to specific locations via tanker trucks,
dehydrogenated and supplied to hydrogen refueling stations or
industrial use, etc. To meet the demand for hydrogen and the
high-power fluctuations of renewable energy, the PEMEC has a
higher rated power.

The more commonly used alkaline electrolytic cells have
disadvantages, such as low hydrogen production efficiency,
insufficient dynamic response, etc. The membrane electrode of
the PEMEC has many advantages over the alkaline electrolyte and
asbestos diaphragm. It has good proton conduction characteristics,
differential pressure resistance characteristics, high operating drop
flow density, a wide range of adjustable power, and fast start-stop
adjustment speed. Therefore, the EHCM uses PEMEC and PEMFC
to realize the transfer of electricity and hydrogen.

Mathematical Model of Microgrid

Wind Power and Photovoltaic Models and Uncertainty
Expression

The power model of wind turbines is shown as follows.

Pw,t = 0 > Vw,t < Vin
3oy
=NxPyx =2 Vi<V <Vied
w r Vfated V13n " e ( 1 )
Pw,t =N x Py, Viated < Vw,t <Vou
Pw,t =0, Vout < Vw,t

Where P,,; is the output power of a wind turbine, N is the total
number of wind turbines, Py is the rated power, V; is the wind
speed, Veed is the rated output wind speed, Vi, and V are the
cut-in wind speed and cut-out wind speed of wind turbine.

To improve the accuracy of the PV model, the actual output
power needs to take into account the light intensity and
temperature, so the PV power is shown as follows.

pvt = pvfpv 1 + (X st)] (2)
Where Py, is the rated power of PV, f, is the efficiency of PV, S;,
S, are the irradiation intensity and the standard light irradiation
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intensity, « is the temperature coefficient, & = 0.00485/°C. T is
the operating temperature, and it can be estimated from the light
intensity and ambient temperature, Ty is the standard
temperature of PV operation.

The wind speed and solar radiation follow a probability
distribution function (PDF) based on the corresponding
historical data (Farsangi et al., 2018) and do not affect the
proposed model. To describe the uncertainty of wind power,
the Weibull distribution function is used to describe the
probability density function of wind power.

o5 (1)) o

Where c and k are the scale and shape parameters, ¢ has the same
dimension as the velocity, and k is dimensionless, V' is the wind
speed value.

The mean and maximum wind speed values are used to
estimate the parameters of the Weibull function. The mean
wind speed V is obtained from the meteorological data and
the 10-min mean maximum wind speed Vi, observed at
time T, ¢ and k are calculated by using Eq. 4.

k =In(InT) / ln<0.9Vmax / \?>
c=V / r(1 + %)

The predicted wind speed value is V,;. The processed wind
speed is shown as follows.

)

Vi = PDF (V) x Vi3 (5)
The uncertainty of the PV is coped with using the Beta

distribution function, which is shown as follows.

I'(a+Db)

a-1 b-1
m ) X (1 - S) (6)

PDF(S) =

Where a and b are calculated using the mean y and standard

deviation o.
b= - (G 71)

a:yxb
l1-u

@)

According to the Beta probability distribution function, the
radiation absorbed by the solar panel is shown as follows.

S; = PDF(S) X Sexs (8)

Where S,y is the calculated astronomical radiation value.

Battery Model
The charging model of battery is shown as follows.
Epats = Epate-1 (1 = 0) + Prac_cht-11 A ©)

The discharging model of battery is shown as follows.

Electricity-Hydrogen Coupling Microgrid
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FIGURE 2 | Schematic diagram of PEMEC's single electrolytic chamber
reaction principle.

Prat_dni-1

Ebat,t = Ebat,t—l (1 - 5) - At (10)

Han
Where Ep,, is the battery capacity, § is the self-discharge rate,
Pra_ch and Ppye_gn are the charging and discharging power, 7,
and 7, are the charging and discharging efficiency.

P batt > 0

Prat_dht = Pratt
- ' 11
{ Pyo <0 (1

Pbatﬁch,t = Pbat,t

Where Py, is the battery power.

Operating Characteristics Model of the PEMEC
Hydrogen production utilizes multiple parallel electrolytic cells
which are composed of electrolytic chambers in series. By
controlling the current of a single electrolytic cell, and discrete
start-stop control of multiple electrolytic cells, the excess power
can be used to produce hydrogen. The reaction principle of the
PEMEC single electrolytic chamber is shown in Figure 2.

The voltage and current relationship for a single electrolytic
chamber is shown as follows.

1
RT 7
emp ln <pH2p02 > + Rcellicell,t

2F ay,o0
RT el RT e
+ emp arsinh feellt + emp arsinh ! ,H’t (12)
F KeatF 2

Kan 2ian

Vcell,t = Vrev +

Lcat

Where Vs and i are the operating voltage and current
density, Ve, is the reversible voltage, Temp is the operating
temperature, t = 1,2, - -, T4, Tq is the total number of scheduling
periods, py, and po, are the partial pressure of hydrogen and
oxygen, ay,o is the activity of water, R is the total internal
equivalent ohmic resistance, i,, and i, are the exchange current
density of the anode and cathode, «,, and a, are the charge
transfer coefficient of the anode and cathode, R and F are the ideal
gas constant and Faraday’s constant.
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The hydrogen production efficiency of PEMEC decreases as
the power consumption increases. The models with constant
efficiency of electrolytic cells have some deviations. The power
consumption Pgj; of the PEMEC and hydrogen flow rate my,
are shown in Eqs 13, 14. The non-linear relationship is shown in
Eq. 15. The efficiency of the PEMEC is shown in Eq. 16, which is
inversely proportional to the voltage and decreases with
increasing current density.

Nitack

Pel,t = kl z ut,iNceHVcell,tIcell,t (13)
i=1
4 Nitack Teans
My, = K2 z ut,iﬂchellﬁ (14)
i=1
kyn

=M p 15
mHth 2Fkl Vcell,t . ( )

Myunv,H,MH, mHHV,HZkzﬂf
kSPel,t 2Fk1Vcell,t

Myt = (16)
Where u; is the 0-1 variable of the operating state of the i-th
electrolytic cell, I, is the operating current, N e and N, are
the number of series and parallel electrolytic cells, #; is the
Faraday efficiency, mpynyy, is the high heating value of H,
under standard conditions, ki = 0.001 (W — kW),
ks = 3600 (kW — kJ/h), k, = 3600k, (mol/s — Nm>/h) are the
unit conversion factor, k’2 = RT,/Py, Ty and P, are the standard
temperature and pressure.

The Model of PEMFC
The voltage equation of PEMFC is shown as follows.

{ Vfc,t = VNemst,t - Vact,t - Vohm,t - Vconc,t (17)
Vstack,t =N fe X Vfc,t
Where Vi, is the cell voltage of single fuel cell, Vinernsts is the
thermodynamic electric potential, V,y; is the activation
overvoltage, Vohm; is the ohmic overvoltage, Von; is the
concentration overvoltage, Ve, is the voltage of PEMFC
stack, N is the number of single fuel cells in series.

The PEMFC power and hydrogen consumption rate are
shown as follows.

Niestack
Pfcstack,t = z Vt,jVstack,tIfc,t ( 18)
=
Ny
~ fostack Nilg,
QHzfcstack,t = ( 19)

T e
j=1 ’7fuel

Where Qu, fcstack,t 1S the hydrogen consumption rate, Ncack is the
number of PEMFC connected in parallel, v;,; is the 0-1 variable of
PEMEFC operating state, I is the current density, 7y, is the fuel
utilization rate.

Gas Storage Model

LOHC is used to store hydrogen. The storage of hydrogen is an
exothermic hydrogenation reaction, while the release of
hydrogen is a heat-absorbing dehydrogenation reaction.
LOHCs can store hydrogen at chemically high densities

Electricity-Hydrogen Coupling Microgrid
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FIGURE 3 | Polarization curve of PEMFC power variation.

under ordinary environmental conditions to improve the safety
and flexibility of the system. The mathematical models of hydrogen
storage and oxygen storage are shown as follows.

Qu, festack ¢
EHZ tank,t = EHZ tank,t—1 T Pel,t—l”]Hz,t,lrlH+ - e
Mu-
H
= Qunaens At (20)
h=0

1 L
EOZ tank,t = EOZ tankt-1 T <2Pel,r—177H2,t’70213nk - ZQOzde,l,t>At
1=0

@1

Where Ex, tan k> Eo, tank,t are the hydrogen and oxygen stock, 7+,
1y~ are the hydrogenation reaction and dehydrogenation reaction
efficiency of LOHC, 75, is the efficiency of the oxygen
storage tank.

ENERGY MANAGEMENT STRATEGIES OF
THE PEMFC GENERATION SYSTEM

In the PEMFC generation system, the PEMFC is the primary power
source to follow the load demand and provide energy support for
grid auxiliary services. Considering the compensation of the soft
characteristics of PEMFC, the battery is added to the EHCM. The
battery stores energy when the system is overpowered and supplies
power during cold start and power switching so that the PEMFC
power quickly follows the load changes.

Characterization of PEMFC
The PEMFC has soft characteristics when in cold start and load
change states. When the PEMFC is used alone, the power output
response is not fast enough. There is not enough current output
for the changing demands of the load, and there is a voltage dip
inside the cell.

As shown in Figure 3, when the demand power increases, the
output current increases while its voltage keeps dropping. When
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Ny

the voltage drops to the lowest value, the PEMFC stack will shut
down due to high internal temperature.

There is a gas delay in the chemical reaction process of the
PEMEFC. When the load increases, the current increases and the
voltage drops accordingly. In contrast to the change in electrical
power, the gas is supplied more slowly, and there is a transient
drop in voltage. As the supply of sufficient gas gradually reaches a
new balance in PEMFC, the time scale difference between the
power and the gas reaction causes a delay in power output. The
following equation will ensure the operation of the PEMFC.

Vfc,t > Vlim (22)

Where Vi, and Vi, are the operating voltage and the voltage
protection threshold of PEMFC.

Considering the voltage protection threshold of the PEMFC
stack, the output current shows a rise while the voltage drops and
rises back when the current enters a plateau. The process keeps
repeating inside the PEMFC. The response of the PEMFC is too
slow to respond to rapid changes in load alone.

Work Modal Management

The PEMFC does not meet power supply standards in cold start
and load switching states. It is used in combination with the
battery to form a power supply system. To achieve power supply

reliability of the PEMFC system, the energy management modes
can be divided into four operating modes. The switching
judgment and power command assignment between different
operating modes are shown in Figure 4. The load of the microgrid
is Pioads- The actual output power, power command, and rated
output power of the PEMFC are Py, Pg reft> Pien. The output
power, power command and charging power of the battery are
Pratts Phat_reft> Poatcharge,t- The power from the grid is Pgriq, and
the current of the load is ij5aq,. The actual output current, current
command and rated output current of the PEMFC and the
batter}’ are ifc,h ifcfref,ta ifeN and ibat,b ibatﬁref,h ibatcharge,t~The
output voltage, charge cutoff voltage and discharge cutoff
voltage of the battery are Upats, Ubarce> UbatbEC-

Mode | (PEMFC Cold Start)
When the PEMFC cold started or power switched, the power
output is slow and the battery is rapidly discharged to provide
power for the microgrid bus. The energy flow diagram is shown in
Figure 5A.

The power and the current output balance of the system are
shown as follows.

Pfc,t + Pbat,r = Pload,t
Lc_ref,t = N (23)
Ibat_reft = Hoadt — et
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Mode Il (Rated Power Operating Mode)
When the output power of the system is rated, the PEMFC can
follow the load. The battery is in standby mode and its SOC is in
the normal range. Its energy flow diagram is shown in Figure 5B.
The power and the current output balance of the system are
shown as follows.
{ Pfc,t = Pload,t (24)

Ifc ref,t = MHoadt

Mode lll (Overload Operation Mode)
When the microgrid load is greater than the rated output power
of the power supply system, the system is in an overload state. The

battery provides power at its normal SOC. The load receives the
remaining power from the grid. The energy flow diagram is
shown in Figure 5C.

The power and the current output balance of the system are
shown as follows.

Pfc,t + Pbat,t + Pgrid,t = Pload,t
ifc_ref,[ = ich (25)

ibat_ref,t = iload,t - ifc,t - igrid,t

Mode IV (Reduced Load Operation Modes)
When the load is less than the rated output power of the PEMFC
and the battery SOC is in the state of power deficit, the PEMFC
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generates more power to charge the battery to ensure the battery
works in a healthy state to ensure its life. The energy flow diagram
is shown in Figure 5D.

The power and the current output balance of the system are
shown as follows.

Pfc,t = Pload,t + Pbat,t
ifciref,t = iload,t + ibatcharge,t (26)

Ibat_reft = _lbatcharge,t

MODEL SOLVING OF AN EHCM BASED ON
LOHC

The electricity-hydrogen coupling model consists of PEMEC,
LOHC hydrogen storage devices and PEMFC to realize the
functions of hydrogen production, hydrogen storage and
hydrogen power generation to meet hydrogen demand and
load demand. We propose an EHCM scheduling model that
considers the dynamic characteristics of PEMEC and PEMFC.
Two-stage optimal scheduling with day-ahead global and intra-
day real-time scheduling is adopted.

Day-Ahead Scheduling

Objective Function

The optimization goal of the day-ahead scheduling is to maximize
the revenue of the microgrid. By optimizing the scheduling of
generation, energy storage and electricity market auxiliary
services, the operating costs of the microgrid can be reduced.
It can also improve hydrogen production and grid auxiliary
service revenue. The objective function is shown as follows.

T
F =max) (REV, - Row;) 27)
=0
Where T is the scheduling period, REV/ is the revenue of EHCM,
Rop, is the operation and maintenance cost of the microgrid.
1. Revenue of the microgrid

REV; = Ry,; + Ro,+ + Rpr; + Ror + Rrrny (28)

Where Ry, s Ro,t Rpre> Rory> Rrrny are hydrogen, oxygen,
demand response services, operating reserve services and
environmental revenues.

Revenues from sales of hydrogen and oxygen are shown as
follows.

H
RHz,t = z (Qsze,h,t . SH;,h,t - Dh . Str,h,t)
hzo (29)

Ro,e = Y (Qodets - Sopte = Di+ Sursy)
pany

Where h and [ are the number of hydrogen and oxygen stations,
H and L are the amount of hydrogen and oxygen stations, Sy, ¢
and So, 1 are the market price of hydrogen and oxygen, Qu,de¢
and Qo, e, are the demand for hydrogen and oxygen, Dy, and D;

Electricity-Hydrogen Coupling Microgrid

are the distance of the hydrogen and oxygen stations, Sy and
Strs are the hydrogen and oxygen transportation cost.

The electricity market auxiliary demand response revenue is
shown as follows.

Rpr; = Sprint * PpRint + Sprouts * PDRoutt (30)

Where Rpg; is the demand response revenue of auxiliary services,
Spbrin,¢ and Sprout are the price of auxiliary services, Pprin; and
PpRrout are the demand response power.

The environmental revenue of reduced greenhouse gas
emissions from hydrogen fuel cell vehicles compared to
regular fuel vehicles is shown as follows.

E
Ripny = . QH,des * (AC02 + Hcoz) (31)

H,FC

Where Ergy is the amount of greenhouse gases emitted per

kilometer by fuel cars, 77;; p is the amount of hydrogen consumed

per kilometer by fuel cell cars, Aco, and ucq, are the

environmental revenue and penalty order of magnitude of CO,.
2. Microgrid operation and maintenance costs

ROM,t = erw,t + 1—‘pvppv,t + rbathat,t + 1—‘elpel,t + rfcstackpfcstack,t

+ 1—‘gridPgrid,t + er tan kEH2 tank,t + rO; tan kEOz tan k,t
(32)

Where T, rpw Toats Tels Testacks TH, tanko L0, tank are the unit
operation and maintenance cost of wind turbine, PV, battery,
PEMEC, PEMFC stack, hydrogen storage system and oxygen
storage system, I'yig and Pgrg, are the price and power provided
by power grid.

Constraints
1. Power balance constraints

dP>0

dP<0 (33)

Pw,t + va,t = Pload,t + Pbatﬁch,t + Pel,t + Pgrid,t
Pload = Pw,t + va,t + Pbatidh,t + Pfcstack,t + Pgrid,t

2. Battery charging and discharging constraints
Pchmax,t = maX{O: SOCaxChat — Ebat,t}”]ch (34)
max{O, Ebat,t - SOCmianat}
Man

Pdhmax,t = (35)

Where SOC,x and SOCyy;, are the upper and lower limits of the
battery, Cpy is the capacity of the battery.

To protect the service life of the battery, the depth of charge
and discharge is shown as follows.

0.2<S0C; <0.9 (36)
3. PEMEC operating constraints
The operating constraints of the PEMEC include the nonlinear

relationship between hydrogen production flow and power
consumption, the range of current density regulation.
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uficell,min < icell,t < l/lf icell,max
Nistack
0 Y u,=0
e i=1 | (37)
t Nitack
1 Z u;; #0

i=1

Where icelimin and icelmax are the lower and upper limits of

current density, u; is the 0-1 variable characterizing whether

the PEMEC is operating or not.
4. PEMFC operating constraints

€ €
vy Pfcstack, min < Pfcstack,t < Vi Pfcstack, max
Niestack
e
0 Y ¥,;=0
j=1 (38)
Niestack
e
1Y %, #0
Jj=1

T

Where Prestack, min @1d Prestack, max are the upper and lower limits of
the output power of the PEMFC stack, 1 is the 0-1 variable that
characterizes whether the PEMFC stack is operating or not.

To ensure the backup capacity to meet the grid auxiliary
services, the upper and lower limits are constrained as follows.

0.5 < Sopcs < 0.9 (39)

5. Gas storage capacity constraints

The constraints of LOHC hydrogen and oxygen storage
capacity are shown as follows.

EHZ tan kmin < EHZ tank,t < EHZ tan kmax (40)
E02 tan kmin < EOZ tan k,t < EOZ tan kmax

6. Grid power constraints

The grid power is affected by the feeder capacity and follows
the following constraints.

_Prated < Pgrid,t < Prated (41)

Intra-Day Scheduling

The prediction bias in the day-ahead scheduling leads to power
fluctuations and scheduling errors. To make the intra-day scheduling
close to the day-ahead scheduling and reduce the economic loss caused
by uncertainty and the security of microgrid, intra-day scheduling is
scheduled once every 15 min. The objective function is as follows.

k+3 [/ R
. 2
F = min Z <Z(/\r(Hr,k - Hr-ref,k) ))R =10
k r=1
H,; € [P wik> Ppvis Patks Pelks Prestackks Perid ks
EHZ tan k,k> EOZ tan k,k> SOCk» Sohc,k]Hr_ref,k €
[Pw,ref,k) va,ref,lo Pbat,ref,k’ Pel,ref,k, Pfcstack,ref,ka Pgrid,ref,k)

EHZ tank_ref,k> EOz tank_ref,k> SOCref,k> Sohc_ref,k]
(42)

Electricity-Hydrogen Coupling Microgrid

Where A, is the weight factor, H,  is the real-time data at the time
k, H, o is the reference value for the day-ahead scheduling.

Solving Process
The optimal scheduling method proposed is day-ahead long-
timescales scheduling and intra-day real-time scheduling. The
specific solving optimization process is shown in Figure 6.
The day-ahead scheduling period is 24 h, and the step size is
1 h. Considering the uncertainty of wind power and PV, the
optimization objective is to maximize the daily micro-grid
revenue. The model is a mixed integer linear programming
model, which is solved by Yalmip and Cplex to obtain global
optimization results. However, the day-ahead optimal scheduling
step is in hours. There is a prediction error, and the electricity-
hydrogen microgrid cannot respond to the power fluctuation in
time. The microgrid provides a demand response service and
accepts signals from the power grid, which requires more accurate
optimal scheduling. Based on the short-term prediction results,
MPC model prediction control is used, and the optimization is
rolled over every 15 min. The intra-day optimization is based on
the day-ahead optimization results. The controllable unit of the
EHCM corrects the day-ahead optimization results to reduce the
prediction errors and improve the stability and economy of the
microgrid.

CASE ANALYSIS

Basic Data

To verify the effectiveness of the proposed scheduling method,
this section uses wind speed and light generation data from a
microgrid in remote areas of western China, and the microgrid
distribution structure diagram is shown in Figure 7. There is a
surplus of wind and solar power, but it is expensive to build high
power transmission lines and hydrogen pipelines. Hydrogen can
be transported by ordinary tanker truck using LOHC hydrogen
storage, and the transport distance is set at 100 km. The EHCM
consists of four wind farms, three photovoltaic power plants,
48 MW PEMEC system, 10 MW PEMFC and 2 MWh battery
power generation system. Typical daily scenarios in summer and
winter are set up to solve the optimal scheduling results of this
EHCM. The system economic parameters and specific equipment
parameters are shown in Tables 1, 2.

Scenarios Setting

To study the effects of electricity-hydrogen coupling, hydrogen
demand and grid auxiliary services on the scheduling results, the
following four scenarios are set up for comparison.

S1: A scheduling method considering the dynamic
characteristics of electricity-hydrogen coupling and auxiliary
services of power grid.

S2: A Scheduling method that ignores the dynamic
characteristics of electricity-hydrogen coupling.

S3: Ignore the scheduling mode of grid auxiliary services.

S4: A scheduling method that ignores the electricity-hydrogen
coupling and the dynamic characteristics of auxiliary services of
power grid.
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FIGURE 7 | IEEE 33-node EHCM distribution structure.
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TABLE 1 | Parameters of the simulation example.

Electricity-Hydrogen Coupling Microgrid

Types Parameters
PEMEC T =335.15K P, = 29.80bar Po, = 2.80bar acat = 0.5
a0 = 1 Oan =2 fan= 1€ — BA/CM? fcat= 1€ — 3A/CM?
Viey = 1.23V Reen = 0.12R - cm? Acel = 1100cm? 1y = 99%
Nce\l =400 Nslack =6 jce\l,min = O.15A/cm2 /ce\\,max: 3A/cm2
PEMFC 0.6V <Vir<1.2V 0.4V<ligr<1.2V flier: 40 ~ 60% Nt = 6000
Pressure: 1~2bar temperature: 30-100°C Nicstack = 20
LOHC Ny =97% - = 99% Hipptank = 99% Ety tank= 50000Nm°
Dy = 100km Dy = 100km
Batteries 8 =0.46% g = 90% gn = 90% Cpat = 2MWh
Poat_chn = TMW Poat_ann = 0.5MW
Others R =8.314J/mol - K F = 9.64853399 x 10*C/mol Sk, = 2.67¥/Nm° So, = 0.09¥/Nm?®

Erpn = 0.14kg/km
Sprint = 2¥/kWh

TABLE 2 | Related parameters of electricity-hydrogen coupling equipment.

Types Parameters Data
PEMEC Construction costs/(¥/MW) 1 x 10°

O&M cost ratio 4%

Life expectancy/year 20
PEMFC Construction costs/(¥/MW) 4 x 10°

O&M cost ratio 4%

Life expectancy/year 10
LOHC storage tank Construction costs/(¥/MW) 5x 10°

O8&M cost ratio 1%

Life expectancy/year 20
Oxygen tank Construction costs/(¥/MW) 9 x10°

O&M cost ratio 1%

Life expectancy/year 20
Battery Construction costs/(¥/MW) 3x10°

O&M cost ratio 1%

Life expectancy/year 5

Analysis of Results
Day-Ahead Optimized Scheduling Results

Figures 8, 9 show the day-ahead optimal scheduling results for a
typical day in summer and winter. Figures 8A, 9A show the
renewable energy generation forecast and microgrid load forecast
for typical days in summer and winter. Figures 8B, 9B show the
output of each unit for typical days in summer and winter.
Figures 8C, 9C show the comparison of hydrogen production
and hydrogen demand for typical days in summer and winter.

Summer light is strong in the northwest and wind speed is
relatively low compared to other seasons. Photovoltaic and wind
power systems are simultaneously used as the primary energy
source for the EHCM. When the microgrid operates in island
mode, renewable energy generation cannot meet the electric load
demand. When there is power abandonment, PEMEC consumes
excess electricity from renewable sources to produce hydrogen. It
can realize the conversion of energy forms, and improve the
utilization rate of renewable energy generation. When there is a

o = 0.00776kg/km
Sbrouts = 4¥/KWh

Aco, = 0.02275¥/kg Uco, = 0.01768¥/kg

shortage of electrical energy supply, the energy gap within the
capacity can be supported by PEMFC with batteries to provide
power for the load. The stored hydrogen is consumed and the
microgrid forms a closed energy loop. The EHCM participates in
the grid demand response service. Within the capacity of the
microgrid, when the grid requires power during power
consumption peaks, it is powered first by renewable energy
generation and second by the PEMFC power systems. The
PEMEC of the EHCM can provide a wide range of power
consumption for the grid in a low consumption period.

In winter, the light intensity is weaker than in other seasons and
the light hours become shorter, while the wind power generation is
in the peak range for a long time. As shown in Figure 9A, wind
power can meet the winter load of the microgrid. Hydrogen is
produced in large quantities during the winter months, which can
be highly profitable. In Figure 9B, the battery power and PEMFC
power are 0 on a typical winter day. While the power of the
PEMEQC is high, the hydrogen production per unit time is at a high
level. Using this energy can reduce renewable energy abandonment
and reduce carbon emissions.

As can be seen in Figures 8, 9, the primary power source of
the EHCM in the proposed day-ahead optimization strategy
comes from renewable energy generation and the PEMFC
power generation system. The PEMFC is required for part of
a typical day in summer, while wind power is more abundant
in winter and the main load is the PEMEC. Hydrogen
production is at a higher position in winter. In S1, the
dynamic characteristics of the electricity-hydrogen
coupling system are considered, which is neglected in S2.
In the simulation results of Figures 8C, 9C, that the hydrogen
production shows a more significant deviation. Therefore, the
dynamic characteristics of electricity-hydrogen coupling
have a great influence on hydrogen production. If it is
neglected, the control of hydrogen production will be very
inaccurate and affect the accuracy and economy of the
system.
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TABLE 3 | Microgrid revenue of typical day in summer/winter.

Electricity-Hydrogen Coupling Microgrid

Scenarios Total Hydrogen Oxygen Demand Environmental O&M
revenue/¥ sales sales response revenue/¥ costs/¥
revenue/¥ revenue/¥ revenue/¥

Summer Day-ahead optimized scheduling ~ S1 2068075 2503744 113807 138000 1883 689358
scenario results S2 1576931 1877808 85355 138000 1412 525644
S3 1956429 2493363 113335 0 1874 652143

S4 1465285 1867427 84883 0 1403 488428
Intra-day optimized scheduling S1 4253834 5264526 239297 164000 3956 1417945
results S2 3221125 3948394 179472 164000 2967 1073708
S3 3968429 5057550 229889 0 3800 1322810

S4 2976322 3793162 172416 0 2850 992107

Winter scenario  Day-ahead optimized scheduling ~ S1 2259369 2741600 123935 144900 2058 753123
results S2 1721696 2056200 92952 144900 1543 573899

S3 2141776 2730233 123421 0 2048 713925

S4 1604103 2044833 92438 0 1534 534701
Intra-day optimized scheduling S1 4654100 5775185 258680 167444 4158 1551367
results S2 3521970 4331389 194010 167444 3118 1173990
S3 4350477 5548132 248510 0 3994 1450159
S4 3262858 4161099 186382 0 2996 1087619

Intra-day Optimal Scheduling Results

Figures 10, 11 show the results of intra-day real-time optimal
scheduling after model predictive control. The day-ahead optimal
scheduling is in hours. The forecast results for wind and PV are
relatively rough, and the microgrid scheduling cannot respond to
load fluctuations in time. The real-time scheduling of intra-day is
based on 15 min. Comparing the optimized scheduling results in
Figure 10 with those in Figures 8, 11 with those in Figure 9, the
model prediction control can predict the real-time wind power
and PV output more accurately than the day-ahead optimization
results. The actual power consumed by PEMEC is more accurate
and renewable power is fully consumed. When the real-time
scheduling and the day-ahead scheduling results are close, the
microgrid controllable units correct the individual scheduling
results based on the day-ahead scheduling to reduce the error.
When the intra-day scheduling differs significantly from the day-
ahead scheduling results, the microgrid controllable units can be
optimally scheduled in real time based on the actual renewable
energy forecast values.

Considering the dynamic characteristics of electricity-
hydrogen coupling, the intra-day scheduling results of the
PEMEC and PEMFC generation systems are more accurate.
The efficiency of the power to hydrogen is related to the
absorbed power of the PEMEC, which allows the maximum
approximation of actual hydrogen production. It can get a
better overview of hydrogen production and the state of
hydrogen storage. The power response of the PEMFC system
can follow the load change, which can reduce the hydrogen
consumption and guarantee the quality of the system power

supply.

Economic Analysis of Day-Ahead and Intra-day
Scheduling Results

Table 3 shows the optimization costs for day-ahead and intra-day
scheduling of the EHCM for different scenarios. The time scale of
the day-ahead optimal scheduling is broad. Uncertainty in

renewable energy forecasts makes it difficult to accurately
reflect actual power generation, leading to power shortages
and abandonment. The intra-day optimal scheduling is based
on the day-ahead optimal scheduling for error reduction.
Therefore, it has a good impact on the microgrid economy.
Intra-day scheduling improves microgrid economics by
making corrections to optimization results in a short period.
From Table 3, hydrogen sales revenue, oxygen sales revenue,
demand response revenue, and reduced carbon emissions
revenue in the typical summer day in S1 are improved by 9.5,
8.9, 5, and 9.3%, which in the typical winter day are improved by
9.7, 8.1, 2.1, and 5.1%. The microgrid day-ahead and intra-day
optimal scheduling for S1 consider the dynamic characteristics of
electricity-hydrogen coupling and demand response services. In
terms of overall economics, the total revenues of day-ahead and
intra-day scheduling for a typical day scenario in summer and
winter are improved by 9.25 and 9.41%. The intra-day
optimization revenue of each typical day is higher than that of
the day-ahead scheduling results. It shows that intra-day
scheduling can reduce the errors generated by day-ahead
scheduling. The optimization method proposed in this paper
has the effect of improving the economy.

Analysis of Optimized Scheduling Results for Different
Scenarios

A comparison of typical daily scenarios in summer and winter
shows that hydrogen production in the winter scenario is more
than twice as high as in summer, due to the high wind speed and
the larger capacity of the wind farm. S1 considers the dynamic
characteristics of electricity-hydrogen coupling with participation
in grid demand response services. S2 and S3 ignore electricity-
hydrogen coupling dynamic characteristics and grid demand
response services, while S4 ignores the above two. Analysis of
the day-ahead optimal scheduling results for a typical summer
day shows that the total revenue of the microgrid is the highest in
S1. After ignoring the electricity-hydrogen coupling

Frontiers in Energy Research | www.frontiersin.org

March 2022 | Volume 10 | Article 856304


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Liu et al.

TABLE 4 | Optimal revenue of different weight coefficients.

Electricity-Hydrogen Coupling Microgrid

Scenarios Typical summer day Typical winter day
1 2 3 1 2 3

M 0.2 0.3 0.5 0.2 0.3 0.5
Ao 0.4 0.5 0.3 0.4 0.5 0.3
A3 0.3 0.2 0.4 0.3 0.2 0.4
Ay 0.3 0.5 0.2 0.3 0.5 0.2
As 0.2 0.3 0.5 0.2 0.3 0.5
s 0.1 0.2 0.4 0.1 0.2 0.4
A7 0.2 0.3 0.1 0.2 0.3 0.1
Ag 0.3 0.2 0.2 0.3 0.2 0.2
Ao 0.2 0.1 0.4 0.2 0.1 0.4
Mo 0.3 0.1 0.2 0.3 0.1 0.2
Total revenue x 10%/¥ 431.79 392.99 291.48 854.89 832.15 656.59
Hydrogen sales revenue x 10%/¥ 526.2 496.1 3941 1078.3 1035.25 807.7
Oxygen sales revenue x 10%¥ 174 23.2 22.9 4715 45.1 34.85
Demand response revenue x 10%/¥ 14.9 13.2 16.1 17.7 21.6 32.8
Environmental revenue x 10%/¥ 0.29 0.39 0.38 0.79 0.8 0.59
O&M costs x 10%/¥ 127.3 140.1 142 289.05 270.6 219.35

characteristics, the revenue from hydrogen sales in the S2
scenario is decreased by 23.7%. This has a significant impact
on the control of hydrogen production as the efficiency variation
of the PEMEC is ignored. S3 only ignores the demand response
service, and there is only a tiny change in hydrogen production
revenue. For the microgrid with high-capacity PEMEC devices,
precise control can be made for wide power fluctuations. The
impact on hydrogen production and power fluctuations in the
microgrid is minimal due to the low power of demand response.
As a result, microgrids can provide additional ancillary services to
increase revenue. S4 is the least profitable scenario because it
ignores the electricity-hydrogen coupling characteristics and the
grid auxiliary services.

In summary, an EHCM can improve the economy. Because
PEMEC can cope with the wide range of power fluctuations
caused by the uncertainty of renewable energy. Hydrogen and
oxygen have a wide range of uses, and the revenue from the sale of
gas from the microgrid is significant. The EHCM, which contains
a PEMEC and a PEMFC power generation system, can absorb a
large amount of abandoned electricity from renewable energy for
hydrogen production. Hydrogen can also be used to supply loads
by generating electricity through reactions of the PEMFC. Thus,
the EHCM can provide the corresponding grid auxiliary services.
As clean energy, when used as the energy for hydrogen fuel cell
vehicles, the reaction products of hydrogen are only water.
Therefore, from the environmental point of view, it can reduce
carbon emissions to achieve economic benefits. But most
importantly, it brings environmental benefits and enhances the
overall environmental friendliness.

Analysis of Different Weighting Coefficients

Different weighting factors are used for intra-day real-time
scheduling, and the optimized scheduling results are shown in
Table 4. It presents the results of three sets of weighting
coefficients for summer and winter typical days. The weighting
factors A;, Az, A3, Ay, A5 can show the amount of hydrogen

produced in the EHCM, which can improve the revenue of
gas sales and reduce carbon emissions of the microgrid. A¢ has
a significant impact on the income of grid auxiliary services. 17,
As, Ag, A1g can affect the hydrogen storage, oxygen storage, battery
SOC and hydrogen storage status of the microgrid. They are used
to limit the degree of deviation of the microgrid capacity reserve
from the day-ahead scheduling results. In this paper, a weighting
factor numbered 1 is used and the result obtained is the
maximum intra-day total revenue, but not all gains are always
top. It is verified that the weight coefficients selected in this paper
can guarantee the correct intra-day optimization results.

CONCLUSION

In this paper, an EHCM model consisting of renewable energy
generation, hydrogen production, hydrogen storage and PEMFC
is built. A two-stage optimal scheduling model that considers the
uncertainty of renewable energy generation is proposed. The two-
stage scheduling scheme includes day-ahead optimized and
MPC-based real-time optimized scheduling. The microgrid is
required to meet hydrogen and electricity loads, while providing
demand response ancillary services to the grid. Different
scenarios are studied using examples to verify the effectiveness
of the proposed method. The conclusions are as follows.

1) The EHCM model constructed in this paper provides
electricity and hydrogen. The proposed two-stage
optimization method can effectively improve the economic
efficiency of the microgrid. Renewable energy generation
increases and carbon emissions decrease. A win-win
situation for both environmental protection and
economic gain.

The microgrid model considers the nonlinear relationship
between the hydrogen production flow of PEMEC and its
power consumption, the dynamic characteristics of the
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PEMEC stack power generation, and the modal management
method of PEMFC stack. It can effectively improve the
hydrogen production capacity of EHCMs and significantly
enhance the economic benefits.

The EHCM can provide demand response auxiliary services to
the grid by using its energy storage and generation functions.
It improves the economy of microgrids while providing stable
support for the grid.

3)
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