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Abstract: Aiming to meet the low-carbon demands of power generation in the process of carbon
peaking and carbon neutralization, this paper proposes an optimal PV-hydrogen zero carbon emission
microgrid. The light-electricity-hydrogen coupling utilization mode is adopted. The hydrogen-based
energy system replaces the carbon-based energy system to realize zero carbon emissions. Firstly, the
mathematical models of photovoltaic, hydrogen and electric energy storage systems in a microgrid
are built. Then, the optimal allocation model of the microgrid source storage capacity is established,
and a scheduling strategy considering the minimum operational cost of energy storage equipment is
proposed. The priority of equipment output is determined by comparing the operational costs of the
hydrogen energy storage system and the electric energy storage system. Finally, the proposed scheme
is compared with the scheduling scheme of the battery priority and the hydrogen energy system
priority in an actual microgrid. It is verified that the scheme can ensure stable power-generating, zero
carbon operation of a microgrid system while reducing the total annual power costs by 9.8% and
25.1%, respectively.

Keywords: zero carbon emission microgrid; PV-hydrogen system; capacity configuration; optimal
operation

1. Introduction

The strategic goals of carbon peak before 2030 and carbon neutralization before 2060
are China’s solemn declaration and great commitment to the world in response to climate
change and environmental protection [1]. With the accelerated implementation of the
promotion policy of photovoltaic in the whole country, the construction of renewable
energy microgrids with photovoltaic arrays as the main energy source is urgent. However,
the randomness and fluctuation of photovoltaic output determines that it must be equipped
with reasonable energy storage. As a clean energy to promote the transformation from
traditional fossil energy to green energy, hydrogen energy has the characteristics of high
energy density by unit of mass compared with other energy storage methods and is
regarded as the technical direction of the future energy revolution [2-4]. To practice the
strategy of “carbon peaking and carbon neutralization”, the zero carbon emission power
supply mode of renewable energy coupled with hydrogen energy storage has replaced
fossil energy in the traditional microgrid. The PV-hydrogen zero carbon emission microgrid
proposed in this paper is an important idea in this approach.

At present, scholars at home and abroad have conducted a lot of research on the
optimal power capacity allocation of a microgrid with renewable energy coupled with
hydrogen energy, but few studies have completely used renewable energy as the power
supply. In the configuration scheme of [5-9], when the energy storage is insufficient, a
diesel engine or a gas turbine is used to make up for the power shortage, which greatly
increases the carbon emissions of the system. In the dispatching scheme of [10,11], power
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is purchased from the grid when needs exceed supply, but this strategy does not guarantee
100% renewable energy. For the modeling method of optimal capacity allocation, the
existing research mostly adopts a double-layer optimization model [6,12,13]. The outer
layer uses an artificial intelligence algorithm to generate the initial capacity allocation
scheme, and the inner layer, called CPLEX commercial solver, is used to solve the optimal
operation scheme under the corresponding configuration. Such a solution is very random
in scheduling and easily leads to local optimal solution power generation issues. To
reduce the blindness in scheduling, when faced with a shortage or a surplus of system
power, ref. [14] puts forward and compares two scheduling schemes of battery priority and
hydrogen energy storage priority, while [15] directly adopts the scheme of battery priority,
to regularize the operation scheduling process However, these two scheduling schemes
only artificially and simply specify the priority of battery and hydrogen energy storage
output and do not consider costs. In addition, when planning a small-scale renewable
energy microgrid in the city, such as industrial parks, commercial parks, office parks and
residential areas, wind turbines are difficult to use due to the disadvantages of large floor
area and noise disturbing residents. However, at present, most microgrid configuration
schemes [5-8,14,16,17] contain wind turbines. As a result, they are difficult to implement
in major cities.

The strategy of storing energy will not only affect the performance and life of equip-
ment, but also directly affect the economy, reliability and environmental challenges of
the whole system. A strategy for the operation of the power grid is the key factor in
determining capacity configuration. In [18], the authors propose a system that relies on
wind-solar complementation and diesel generators to supply power, but it only uses batter-
ies for storage, resulting in a single structure and low reliability. Reference [19] uses battery
and a super capacitor as hybrid energy storage device. The power distribution between
battery and super capacitor is realize by boundary frequency. However, a super capacitor
is expensive, making the scheme prohibitively expensive to implement.

In view of the deficiencies in the above research, the PV-hydrogen zero carbon emis-
sion power supply microgrid proposed in this paper adopts a light-hydrogen—electricity
coupling utilization mode with hydrogen energy storage and power generation as the
core, and the hydrogen-based energy system replaces the carbon-based energy system
to realize zero carbon emissions. This paper further considers the operational cost of the
energy storage equipment and puts forward a scheduling strategy considering the mini-
mum operational cost of the energy storage equipment. Finally, through the simulation
comparison in an actual microgrid, it verifies that this method not only ensures the stable
zero carbon operation of a microgrid system, but also takes into account the economy of
the configuration scheme.

The following are the main contributions of the paper:

1. Put forward the concept of a PV-hydrogen zero carbon emission microgrid and realize
zero carbon emissions by replacing a carbon-based energy system with a hydrogen-
based energy system.

2. An optimal scheduling strategy considering the minimum operation cost of energy
storage equipment is proposed to minimize the investment and operation cost of the
whole system.

3.  The model and algorithm are highly systematic, widely applicable to small and
medium-sized microgrids in cities and can be widely promoted.

The paper is organized as follows. Section 2 establishes the system structure and
mathematical model of a zero-carbon emission microgrid. Section 3 demonstrates the opti-
mal allocation model of source and storage capacity of a zero-carbon emission microgrid.
Section 4 explains the microgrid dispatching strategy and model solving method. Section 5
demonstrates the effectiveness of the proposed models through a case study of an actual
industrial park. Section 6 briefly describes the conclusions of this paper.
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2. Structure and Mathematical Model of a Zero Carbon Emission Microgrid System
2.1. System Structure and Operation Mode

The system structure of a PV-hydrogen zero carbon emission microgrid, which is com-
posed of distributed power generation (photovoltaic), an energy storage system (hydrogen
energy storage unit, lithium battery energy storage unit), electric vehicle and load is shown
in Figure 1. Each part is connected to a multi-port power electronic transformer, and the
flexible control of the power flow is realized through a flexible substation. The hydrogen
energy storage system provides a long-term solution to the problem of power imbalance. A
lithium battery is used to stabilize the short-term fluctuation of power and avoid the fre-
quent start and stop of the fuel cell and the electrolytic machine. The zero-carbon emission
operation mode in the microgrid is as follows: first, the photovoltaic array is used to capture
solar radiation to generate power. While meeting the current load requirements, the excess
electric energy is converted to hydrogen by electrolyzing water in the electrolytic cell or
charged by the battery for storage. At night or when the photovoltaic output is insufficient,
the hydrogen fuel cell uses the stored hydrogen to generate electricity or discharge the
battery to realize the continuous supply of zero carbon power in the park. In this way, the
hydrogen-based energy system replaces the carbon-based energy system to achieve zero
carbon emissions of the energy supply. This paper does not consider power interaction
with a large power grid.
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Figure 1. Structure of PV-hydrogen zero carbon emission microgrid system.
2.2. Mathematical Model
2.2.1. Photovoltaic Model

The output of the photovoltaic module is mainly related to solar irradiation intensity
and temperature, and its output power [20] can be expressed as

Py (t) = P g 1+ Ku(T. — )] 0

ref

where Ppy (t) is the photovoltaic output power at time ¢, P/ is the maximum test power
of the photovoltaic module under standard test conditions, S is the actual solar radiation
intensity, Sy is the solar radiation intensity of the photovoltaic modules under a standard
test, Te¢ is the temperature of the component under a standard test, K; is the temperature
coefficient, and T is the photovoltaic cell temperature, which can be calculated by the
following formula:

S(NOSCOT(; 20) o)
where: T, is the actual ambient temperature, and NOCT is the nominal cell operating
temperature of photovoltaic module.

T.=T, +
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2.2.2. Alkaline Electrolyzer Model

The electrolytic cell is used to convert excess power into hydrogen, and its model [21]
can be described as

UgL(t) = NEgL

—AG 1+ 1Ty t1+t2/Ter, + t3/ TeL2
—_ = kreV(TEL — 298.15) + 172ELIEL(i’) + <S] + 5o Tgr, + S3TEL2) -log 1 2/ “EL 3/ “EL IEL(t) +1 (3)
2F AgL Agr

where AG is the standard free energy of liquid water, F is the Faraday constant, Ty, is the
working temperature of the electrolytic cell, krey is the empirical temperature coefficient,
Igp () is the running current of the electrolytic cell at time ¢, Ngy, is the number of single
slot series, rq and r; are the ohmic resistance parameters of electrolyte, s1, 52,53 and ¢4, to, t3
are the overvoltage parameters of the electrode.

The power of the electrolytic cell Pgy (t) at time  can be calculated as:

Pgy(t) = Ugr(£) IgL(t) 4)

The hydrogen production rate nEILZ (t) of the electrolytic cell at time ¢ can be calculated

as:
k(1) = L) ©)
_ (a()/Aa)
el f1+(1e1(t)/Ae1)2f2 ©

where 7 is Faraday efficiency, and fi, f» is the empirical coefficient.

2.2.3. Fuel Cell Model

A hydrogen fuel cell generates electricity by consuming hydrogen and oxygen, and its
simplified electrical model [20] can be described as

Upc(t) = (EOC —reclrc(t) —aln(Ipc(t)) — m€SIFC(t))NFC ()

where Upc (t) is the output voltage of the hydrogen fuel cell, Eoc is the open circuit voltage
of a single cell, Irc(t) is the current density of a single cell, Ngc is the number of cells in
series, and rgc, s, a, m are the empirical coefficient.

The hydrogen consumption rate is

Neclec(t
) = i ®
FC

where WIEICZ is the utilization efficiency of hydrogen by the fuel cell.
The output power of fuel cell Prc(f) at time ¢ is

Prc(t) = Upc(t) Irc (1) )

To simplify the model, the impacts of auxiliary parts are taken into account in terms of
the efficiencies of a fuel cell and electrolyzers.

2.2.4. Hydrogen Storage Tank Model

Considering the actual working situation, the medium pressure hydrogen storage
tank (3.2 MPa) is adopted in this paper. The gas pressure in the hydrogen storage tank
Pys(t) at time ¢ is related to the hydrogen storage capacity nys(t), which is calculated by
the ideal gas equation:

ns (£ RTy,
{ Pus(t) = =y (10)
nys(t) = nps(t — 1) + (neL(t) — npc(t))At



Energies 2022, 15, 4916

50f18

where Ty, is the hydrogen temperature, Vis is the volume of the hydrogen storage tank,
and nyg(t — 1) is the hydrogen gas volume in the tank at time ¢t — 1. Hydrogen level is
defined as the ratio of current hydrogen storage capacity to the maximum hydrogen storage
capacity, expressed as

SOHS(t) = P‘;%(t) x 100% (11)

where Py is the maximum pressure of the hydrogen storage tank.

2.2.5. Battery Model

In electrochemical energy storage, a battery is the most widely used energy storage
type in a microgrid. In this paper, a lithium battery was selected as the energy storage
device of the microgrid. A lithium battery has significant advantages such as high working
voltage, high energy density, high power bearing capacity, low self-discharge rate, strong
adaptability to high and low temperature, long service life, no memory effect, environment
friendly and so on. The mathematical model of the battery state of charge is

_ Pan(t)At n Pen () Atygd

(12)
Erated U]Cglg Erated

SOC(t) = SOC(t — At)(1 — )

where Py, (t) and Py, (t) are the discharging and charging power of the battery, respectively,
o is the self-discharge rate of the battery, SOC(t) is the charge state of the battery at time
t, which is determined by the charge state SOC(t — At) at time t — At, the charge and
discharge power at time f and the self-discharge rate at time ¢, 17%15‘ and 771%2 are the discharge
and charging efficiency of the battery, respectively, and E,u.q is the rated capacity of
the battery.

2.2.6. Load Model

There are two types of loads in a microgrid: AC load P2(t) and DC load Pf¢(t). To
simplify analysis, the AC load is converted to the DC side through a converter, and the
equivalent load of the whole microgrid is:

PL(t) = PR(HES finy + PRC(t) (13)
where Ef finy is the efficiency of the converter, which is taken as 95% in this paper.

3. Optimal Allocation Model of Source and Storage Capacity of the Microgrid
3.1. Objective Function

The microgrid system mainly includes a photovoltaic array, a hydrogen energy storage
system, an electric energy storage system and load. Therefore, the capacity configuration
and the optimization variable depend on the capacity of the photovoltaic array, the fuel cell,
the electrolytic cell, the hydrogen storage tank and the battery. The configuration focuses
on the three subobjectives of a microgrid system: economy, power supply reliability and
power supply environmental protection. The power supply reliability is characterized
by load loss probability, and environmental protection is characterized by the renewable
energy utilization rate. The total objective function can be expressed as follows:

F— min{cinv&om + Closs + Cwaste} (14)

Cinv&om _ C})r{\lz&om 4 C%ncv&om + Cliglsv&om + Cliar}j/&om (1 5)

Clov&om _ VUL £ CO™MM My, K € {PV, FC, ES,EL} (16)
T

Closs = kloss Z Ploss(t)AtL (17)

t=1
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T
Cwaste = kwaste 2 Pwaste(t)AtL (18)
t=1
L
1+1)'%
g o rAFNE +;L) (19)
(I4+r)yK—-1

where CI"V&M j5 the annual equipment investment cost and operation and maintenance
cost, C!°% is the power shortage penalty, C¥2*'¢ is the renewable energy waste penalty,
CV™, Co™M are the unit photovoltaic or energy storage equipment investment cost and
operation and maintenance cost, respectively, Mg is the number or capacity of the corre-
sponding equipment, Poss(f) and Pyaste (t) are the load loss power and renewable energy
waste power, respectively, kjoss and kwaste are the power shortage penalty coefficient and
energy waste penalty coefficient, respectively, f¢ is the fund recovery coefficient of the cor-
responding equipment, 7 is the loan interest rate, and Tf is the service life of the equipment.

3.2. Constraint Condition
3.2.1. System Power Balance Constraint

The power balance constraints of the microgrid system are as follows
Ppy(t) + Pec(t) + Pes(t) + PeL(t) 4 Ploss(t) = PL(f) + Puaste(t) (20)

where when the system power is insufficient, Pgy (t), Pwaste(t) = 0. When the system has a
power surplus, Prc (), Pogs(t) = 0.

3.2.2. Photovoltaic, Hydrogen Energy System and Battery Output Constraints

The output constraints of photovoltaic, hydrogen energy system and battery are

as follows .
PRy < Ppy(t) < PR

PR™ < Pre(t) < PR
PE™ < P (t) < PR 1)
0 < pdh(t) < pdh-max

0 < PE(t) < PE&™™

where P and P are the rated power of the hydrogen fuel cell and the electrolytic

cell, respectively.

3.2.3. Hydrogen Energy System, Battery Capacity Constraints

The capacity constraints of hydrogen energy system and battery are as follows
0.2SOCmax < SOC(t) < 0.850Cmax (22)
0.1SOHSmax < SOHS(t) < 0.9SOHSmax (23)

3.2.4. Start Stop Constraint

Define ‘or not” operator “$” (A = B $ C, if and only if both B and C take 0, A takes 1,
otherwise A takes 0), conditional statement i f(Q) (when Q is true, the statement takes 1,
otherwise it takes 0). So

0R&(H) = (6R2(t = 1)) 8 (if ( Pret(t) < Pgy(t—1)

24
528 (t) = (52(t — 1)) $ (if (Pocr(t) > PSI(t 1) @)
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{ 6t = (BTt -1)) 8 Ez’fgwnet(tﬂ < Pt = ”;; 25)

SRE(E) = (8B (t = 1) 8 (if (IPrec(t)] > PI(E = 1)
where 6p2 (t) and 0p2 () are the startup and shutdown variables of the hydrogen fuel cell
(0-1 variable), and g7 (t) and 627 (t) are the startup and shutdown variables of the alkaline
electrolytic cell (0-1 variable).
Specified initial time ¢ = 0:
orc(0) =1
pL(0) =0 (26)
5%8(0), 8¢ (0), 67 (0), 3{(0) = 0
3.3. Evaluating Indicator
3.3.1. Load Loss Probability

The expression of load loss probability is as follows

_ Z?:l Ploss(t)At

(27)
Tioy PL(t)At
3.3.2. Renewable Energy Utilization
The expression of renewable energy utilization rate is as follows
Ru —1_ Z?:l Pwaste(t)At (28)

YL Pey(t)At

3.3.3. Renewable Energy Penetration

The expression of renewable energy penetration is as follows

[PPV(t) - Pwaste(t)]At
Rp = ! (29)
[Ppy (t) + Paria (t) — Pwaste(t)]At

Tr-

Tt

t

where Pg,iq(t) is the power exchanged with the power grid. In this paper, the power
exchange with the large power grid is not considered. Therefore,Pg,iq(f) = 0, and the
penetration rate of renewable energy is 1.

4. Microgrid Dispatching Strategy and Model Solving Method
4.1. Usage Cost Modeling of Energy Storage Equipment
4.1.1. Usage Cost Model of the Hydrogen Fuel Cell

The operating cost model of hydrogen fuel cell is as follows

Che+Cre (30)

L
TFC

{ Crc(t) = Opc(t)CHX 4598 (1) 3R + o8 (1) Coff

fix __
CFC -

where Crc(t) is the usage cost of the hydrogen fuel cell at the time ¢, CH is the usage cost
of the hydrogen fuel cell per unit time, dpc(f) is the operating variable of the hydrogen
fuel cell (0-1 variable), g2 (t) and Jp3(t) are the startup and shutdown variables of the
hydrogen fuel cell (0-1 variable), Cg¢ is the startup cost of the hydrogen fuel cell, Cgfcf is the
shutdown cost of the hydrogen fuel cell, CL- is the cost of the hydrogen fuel cell, CY- is the
operation and maintenance cost of the hydrogen fuel cell, and T is the operating life of
hydrogen fuel cell.
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4.1.2. Usage Cost Model of the Alkaline Electrolyzer

Considering the energy stored in hydrogen by electrolyzing water in the electrolytic
cell will also be converted into electric energy in the form of fuel cell power generation, the
usage cost of absorbing excess energy in the electrolytic cell can be expressed as:

Cr (1) = 2 OCHLErcOGE 4 gon (1) Cgn + 091 (1) Cof

Cfix — C}IE)L+CI(5)L (31)

iL=

where Cgp(t) is the usage cost of the alkaline electrolytic cell at the time #, CHiX is the usage
cost of the alkaline electrolytic cell per unit time, g (t) is the operation variable of the
alkaline electrolytic cell (0-1 variable), 5g (t) and o} (t) are the startup and shutdown
variables of the alkaline electrolytic cell (0-1 variable), Cpf is the startup cost of the alkaline
electrolytic cell, C!f is the shutdown cost of the alkaline electrolytic cell, CE; is the cost
of the alkaline electrolytic cell, C) is the operation and maintenance cost of the alkaline

electrolytic cell, and Tf; is the operation life of the alkaline electrolytic cell.

4.1.3. Battery Usage Cost Model

The operating cost model of battery is as follows

dh dh
C%g(t) — 5}35 (t)gESPEs (t)

dh
Es
ch ch
ciy(p) = Bl (32)
ESTIES

_ CstCis
Ces = BcapNyDOD

where Cg2(#) is the usage cost of the battery discharging with Pl (t) at time ¢, CE}S‘(t) is
the usage cost of the battery charging with P]‘:E}S‘(t) at time t, g5 (t) is the operating variable
of the battery (0-1 variable), {ar is the kWh cost of the battery, Pgs(f) is the output of
the battery during the period, CLg is the cost of a single battery, CS is the operation and
maintenance cost of a single battery, Bcap is the capacity of a single battery, Ny is the
number of cycles within the service life of a single battery, and DOD is the discharge depth
of the battery.

4.2. Scheduling Strategy of the Battery and the Hydrogen Energy System

The strategy for operating the microgrid determines how each element of the energy
storage equipment will be prioritized during system operation. The operation control
strategy of energy storage equipment will directly affect the optimization results of micro-
grid capacity. To coordinate the output of all the energy storage equipment and improve
the efficiency and the benefit of the microgrid while meeting power supply demand, it is
necessary to formulate appropriate scheduling strategies for the hydrogen energy system
and the battery.

The difference between the actual load demand and the theoretical photovoltaic output
power is defined as the net power Ppet(t), expressed as:

Pret(t) = PL(t) — Ppy(t) (33)

In the previous section, the operational cost models of the battery, the hydrogen
fuel cell and the alkaline electrolyzer were established, respectively. It can be seen from
Equations (30) and (31) that the cost of operating the hydrogen fuel cell and the alkaline
electrolyzer does not change within the rated power range. From Equation (32), we see
that the operation cost of the battery is linearly related to its output power; therefore, the
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relationship between the operational cost and the power of the hydrogen energy system
and the battery in the instantaneous state can be shown in Figure 2 [21].

Operating & —— Battery
Costs
\ 5 & &
' 1
eq eq
ch dh Power

Figure 2. Relationship between cost and power demand.

In the first quadrant, the abscissa corresponding to the intersection of the battery
operation (discharge) cost curve and the hydrogen fuel cell operation cost curve Pcelﬁ is the
equal discharge cost operation power of both. If the battery and hydrogen fuel cell have
enough energy storage in the next period of time, when the net power Pyt (t) is greater
than the equal discharge cost operating power Pgﬁ, the hydrogen fuel cell will give priority
to output (block G, H, I), because the cost of using the hydrogen fuel cell for power supply
is lower than that of the battery. If the required net power is greater than the maximum
operating power PEi® of the hydrogen fuel cell, the insufficient power is supplemented
by the battery. In contrast, when Ppet < Pgﬁ, the battery gives priority to output (block
F). Similarly, in the second quadrant, the abscissa corresponding to the intersection of the
battery operation (charging) cost curve and the alkaline electrolytic cell operation cost curve
—Pce}? is the equal charge cost operation power of both. If the battery and the hydrogen
storage tank have sufficient capacity in the next period of time, when the absolute value of
net power |Pyet| is greater than the absolute value of equal charge cost operating power
Py

ch
cost of absorbing the excess power by the alkaline electrolytic cell is lower than that of the
battery. If the absolute value of required net power is greater than the maximum operating
power Pg? of the alkaline electrolytic cell, the excess power is absorbed by the battery. In
P
scheduling process is shown in Figure 3.

, the alkaline electrolytic cell will give priority to output (block O, P, Q), because the

contrast, when | Ppet| < , the battery gives priority to charge (block R). The detailed
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Figure 3.

Optimal scheduling strategy considering the minimum operating cost of energy

storage equipment.

4.

3. Optimal Allocation Algorithm for Source and Storage Capacity of Microgrid

The optimal configuration method process of the photovoltaic hydrogen zero carbon

emission power supply microgrid is shown in Figure 4. The specific steps are as follows:

1.
2.

Read the light radiation intensity, temperature, load, simulation time and other data.
Generate the initial capacity configuration particle swarm. Each particle contains the
capacity information of the photovoltaic, the battery and the hydrogen energy system;
initialize the particle position and velocity.

Using the scheduling scheme shown in Figure 3, calculate the annual investment cost
and annual operation cost of each particle.

Compare the particle fitness with the current optimal value and global optimal value
of the particle and update the current optimal value and global optimal value. Update
particle position and velocity.

Repeat steps 3—4 until the preset number of iterations is reached to obtain the final
capacity optimization result.
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Read historical lighting, temperature
and load data

|

Generate initial capacity configuration
particle swarm, initialize particle
position and velocity

Optimized configuration layer

=

Optimal scheduling scheme
considering the operation cost

[
I
I
I
I
I
| ; position and velocity
| of energy storage equipment

I

I

I

I

I

I

I

T

Compare the particle fitness with the
particle's current optimal value and global
optimal value, and update the current
optimal value and global optimal value

Update particle ]

Calculate the total cost of
the current configuration
for one year

|
|
|
v |
|
|
|
|

Reach the preset number of\ N
iterations? j

Y
v

[ The optimal value )

Figure 4. Optimal configuration process of microgrid source storage capacity.

5. Case Analysis
5.1. Simulation Scenario
This paper selects an actual industrial park in a region in Central China (30° N, 114° E)

as the research object. The historical data of light radiation intensity, temperature and load
in the past year are shown in Figures 5-7.
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Figure 7. Annual distribution of load power demand.

5.2. Related Parameters

The unit cost parameters of relevant equipment are shown in Table 1.
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Table 1. Parameters of simulation.
Components Parameter Value
Unit purchase cost USD 1140/kW
Photovoltaic Unit operation and maintenance cost USD 7/(kW-year™ 1)
Life 20 years
Unit purchase cost USD 110/kWh
Batter Unit operation and maintenance cost USD 1.2/(kW-year™1)
y Maximum number of cycles 4000
Charge/discharge efficiency 0.95
Unit purchase cost USD 2400/kW [22]
Unit operation and maintenance cost USD 48/ (kW~year*1) [22]
Fuel cell Fuel cell startup cost USD 0.002 3/kW [23]
Fuel cell shutdown cost USD 0.001 6/kW [23]
Life 30,000 h
Operating efficiency 60%
Unit purchase cost USD 1000/kW [22]
Unit operation and maintenance cost USD 20/ (kW~year*1) [22]
Electrolvzer Electrolyzer startup cost USD 0.072 2/kW [23]
y Electrolyzer shutdown cost USD 0.003 6/kW [23]
Life 30,000 h
Operating efficiency 60%
Unit purchase cost USD 143/m?
Hydrogen storage tank  Unit operation and maintenance cost USD 10/(m3-year 1)
Life 20 years

5.3. Result Analysis

According to the capacity optimization configuration algorithm proposed in this
paper, we set the population particle number as 500, the number of iterations as 200, the
simulation duration as 8760 h and the simulation step size as 1 h. The source storage
configuration capacity results and objective function values are shown in Table 2. In
addition to the scheduling strategy that considers the minimum operation cost of energy
storage equipment proposed in this paper as Scheme 1, the scheduling strategies of battery
priority and hydrogen energy system priority are selected as Scheme 2 and Scheme 3 for
comparison. In Scheme 2, in the case of a power shortage or a power surplus, as long as
the state of charge of the battery meets the conditional Equation (22), the battery will be
discharged to fill the power shortage or charged to absorb the excess power. In the case of a
power shortage or excess power in Scheme 3, as long as the hydrogen level of the hydrogen
storage tank meets the conditional Equation (23), the fuel cell will generate electricity to fill
the power shortage, or the electrolytic cell will work to absorb the excess power.

Table 2. Optimized configuration results of source and storage capacity.

Installed Capaci Total Cost
Strategy Scheduling Method nstalled Capacity Lip/% Ry/% Rpl% (()$?Y o)s
PV/kW ES/kWh FC/kW EL/kW HS/kWh ear.
1 Scheduling strategy in this paper 589 865 86 168 1540 0 68.1 100 189,896
2 Battery priority 618 3968 24 64 256 0017 624 100 199,418
scheduling strategy [17]
3 Hydrogen energy system 624 527 115 172 3782 0.026 593 100 240,300

priority scheduling strategy [14]

It can be seen from the results in the table that the capacity of the battery is larger
in the battery priority scheduling scheme, while the capacity of the fuel cell and the
alkaline electrolyzer is larger in the hydrogen energy storage system priority scheduling
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scheme. Comparing Schemes 1 to 3, it can be seen that the total cost of Scheme 1 is reduced
by 9.8% and 25.1%, respectively, compared with Scheme 2 and Scheme 3. The optimal
allocation scheme obtained by optimizing the scheduling mode of energy storage units
brings significant economic benefits.

From the evaluation indexes, the load loss probability of this scheme is 0, which is
better than 0.017% and 0.026% of the other two dispatching schemes; The renewable energy
utilization rates of the three dispatching schemes are 68.1%, 62.4% and 59.3%, respectively.
The reason is that the power interaction with the large power grid is not set in this paper.
Therefore, during the peak period of photovoltaic output in summer, the hydrogen storage
and battery energy storage are maintained at the maximum capacity, and excess energy can
no longer be stored. In the future, when excess energy is considered, it can be converted
into hydrogen and sold to the market to improve the utilization rate of renewable energy.
Because the energy of the three schemes comes from the photovoltaic array, the penetration
rate of renewable energy is 100%.

Figure 8a—c show the annual energy storage changes of the storage battery and the
hydrogen storage tank in Schemes 1 to 3, respectively. It can be seen that the hydrogen
energy system and batteries in the dispatching scheme of this paper are used throughout
the year. The battery priority scheduling scheme only uses the fuel cell when the storage
capacity of the battery is insufficient from winter to spring, while the battery supplies
power alone most of the time. Similarly, in the scheduling scheme with priority of the
hydrogen energy system, the hydrogen energy system works in summer and autumn when
photovoltaic energy is sufficient, and the utilization rate of the equipment is low.

To better analyze the output of each element and verify the effectiveness of the schedul-
ing method proposed in this paper, we selected a certain day in August to make the
output curve of each element and the system power balance during the day, as shown
in Figures 9 and 10.
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Figure 8. Annual energy storage changes of the storage battery and the hydrogen storage tank:
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system priority scheduling strategy.
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Figure 10. Power balance of the system.

It can be seen that at night, the small load is met by the output of the battery. The load
surged after 8 a.m. when the photovoltaic output was not enough to meet the load demand,
so the hydrogen fuel cell was put into use. At noon, the photovoltaic output exceeded the
load demand. At this time, the electrolysis started to work to absorb the excess power, store
it in the form of hydrogen energy, and charge the battery at the same time; From 4 p.m. to
10 p.m., the photovoltaic array no longer provides electric energy, and relatively large loads
are powered by the hydrogen fuel cells. From 11 p.m. to 7 a.m. the next day, relatively
small loads are powered by batteries.

6. Conclusions

To effectively deal with the problem of high carbon emissions from power generation
in the process of carbon peak and carbon neutralization, this paper proposes an optimal
method of source and storage capacity of a PV-hydrogen zero carbon emission microgrid
and verifies the effectiveness of this method through a simulation.

The method uses a PV-hydrogen zero carbon emission microgrid that includes a
photovoltaic array, a hydrogen fuel cell, an electrolytic cell, a hydrogen storage tank and
a battery. This proposed method adopts the light, hydrogen and electricity coupling
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utilization mode with hydrogen energy storage and power generation as the core. The
hydrogen-based energy system replaces the carbon-based energy system to realize zero
carbon emissions and can be widely used in small and medium-sized micro grids in cities.

The optimal scheduling strategy that considers the minimum cost of operating the
energy storage equipment compares the net power required by the system with the cost
of energy storage to determine the priority of using the hydrogen energy system and the
battery to minimize the investment and operational costs of the system. The example
results verify that this method can ensure the stable zero-carbon operation of a microgrid
system, taking into account the costs of implementing the configuration scheme.

However, this paper only considers the independent hydrogen storage inside the
microgrid. Future work will focus on the hydrogen market. The microgrid can interact with
the outside world through the pipeline to further improve the utilization rate of renewable
energy while ensuring zero-carbon emissions.
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