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A B S T R A C T

Low-carbon energy application for both large grid and distributed energy consumers is an urgent problem to be
solved. Data centers (DC) are the typical distributed large-size energy consumers, and the application of
renewable energy and energy storage is a promising solution for data center decarbonization. This paper
developed a complete hybrid energy system (HES) simulation process for data center applications. The photo-
voltaic (PV) cell, hydrogen electrolysis, hydrogen storage, proton exchange membrane fuel cell (PEMFC), lithium
battery (BAT), grid, and data center load are considered in the HES. A one-dimensional two-phase flow PEMFC
model is developed. The detailed mass transfer process inside the PEMFC cell is modeled. The PEMFC model-
solving algorithm is developed and integrated into the HES simulation program. The energy management sys-
tem (EMS) based on a logical flow chart energy management strategy is integrated by editable subfunction. The
HES simulation program is coded and implemented based on the MATLAB-SIMULINK environment. The yearly
HES performance simulations are conducted and analyzed for a 200 kW data center in Xi’an with different HES
parameters and an appropriate HES parameter arrangement is provided. The main contribution of this work is
the development of an editable HES simulation program that is extensible for data center applications.

1. Introduction

Energy evolution reflects the evolution of human society. Nowadays,
with the serious pollution problem of traditional fossil energy resources,
the application of renewable energy has been an urgent need [1,2].
However, the high proportion of renewable energy consumption causes
inevitable problems in power quality and reliability because of their
high intermittency. The combined application of renewable energy
sources and energy storage systems is a good solution, which forms a
distributed hybrid energy system in locations of energy consumers. The
HES is an emerging area of research for its widespread application in
industrial parks, city buildings, island energy supply, etc., and its
application expands quickly for the aim of reducing carbon emission.
The data center is a typical large-size energy consumer, which consumes
about 1 % of the total world’s energy [3]. Facing the carbon emission
pressure, the application of HES in data centers has been a promising
low-carbon solution, especially for large data centers [4,5]. The re-
searches on HES used in the data center are mostly the optimization
work, aiming at the optimized system performance. For quick model
calculation, simplified mathematical models are generally adopted in

the researches. References [6–12] all adopted the simple time-related
components power variables to model the energy consumption and
generation in the data center hybrid energy system. Iverson et al. [13]
adopted simple equation-based mathematic models for wind turbine, PV
array, and hydrogen storage subsystems in the HES. Kanbur et al. [14]
adopted exergetic and mathematical-based models to investigate the
performance of a hybrid PEMFC and two-phase liquid-immersion data
center cooling system. Jahangir et al. [15] used equation-based data
center cooling system model (chiller, cooling tower, humidifier, heat
wheel, fans and pumps et al.) and the basic mathematic model of wind
turbine and solar panels to compare the importance of free cooling
system with the renewable energy system. Temiz and Dincer [16]
adopted mass, energy, entropy, and exergy balance equations-based
mathematic models to investigate the performance of a solar-driven
hydrogen energy system developed for data center. The above works
all adopt simple HES subcomponent models based on energy and ma-
terial balance, and the models’ validation results are generally not
given. The core contribution of the above-reviewed work is the HES
optimization and they ignored the influence of subcomponents’ model
accuracy.

The mathematic models are used to generate HES subcomponent
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Nomenclature

Abbreviations
BAT Lithium battery
BP Bipolar plate
CCHP Combined cooling, heating and power
CH Gas channel
CL Catalyst layer
DC Data centers
EC Electrolysis cell
EMS Energy management system
GDL Gas diffusion layer
HES Hybrid energy system
MEM Proton exchange membrane
MPL Microporous layer
MPPT Maximum power point tracking
PEMFC Proton exchange membrane fuel cell
PV Photovoltaic
SOC State of charge

Parameters
a, b, c Constant parameters used in PV module
Aact Active area of PEMFC
AcCH Area of the interface of cCH and cGDL
AEC Reaction area of EC cell
Apvm Surface area of KC200GT PV model
Az Install azimuth angle of KC200GT PV model
cH2ref Reference concentrations of hydrogen
cO2ref Reference concentrations of oxygen
CL, CW Channel length and width of FC
dcCH-hyd Hydraulic diameter of cCH
Dl Effective liquid water diffusion coefficient
EW Equivalent weight of membrane
F Faraday constant
Gref Reference environment solar irradiance
Imref Maximum power current under reference environmental

condition
Iscref Short-circuit current under reference environmental

condition
ja,ref Exchange current density of the FC anode
jc,ref Exchange current density of the PEMFC cathode
Kl Effective permeability
LW Land width of PEMFC
m Molar concentration of KOH solution of EC module
Ml the mole mass of water
NOTC Normal operating cell temperature
pH2 Pressure of hydrogen in the catalyst layer
pO2 Pressure of oxygen in the catalyst layer
Ppvrated Rated power of KC200GT PV model
R Gas constant
Sh Sherwood number
Sl Install slope angle of KC200GT PV model
Tref Reference environment temperature
Tair Environment temperature
Vmerf Maximum power voltage under reference environmental

condition
Voref Open-circuit voltage under reference environmental

condition
αa Transfer coefficient of the FC anode electrodes
αb Transfer coefficient of the FC cathode electrodes
δ Thickness
ε Porosity
θ Contact angle
ρl Water density
ρm Dry membrane density

σl Surface tension coefficient
ω Volume fraction of ionomer

Variables
a Water activity
aEC, bEC, s, t, v, w, r Middle variables used in EC module
aH2O•KOH The water activity of the KOH solution
C1, C2 Intermediate variables used in PV module
cH2 Hydrogen concentration in the aCL
cO2 Oxygen concentration in the cCL
D Diffusion coefficient
Erev The reversible voltage of PEMFC
G Total irradiance over the PV surface
Gb Direct normal irradiance
Gd Diffusive irradiance
Gr Ground reflection irradiance
IE Current of EC cell
Im Current at the maximum power point
IPVc Current of the PV cell
Isc Short-circuit current
j Area current density of PEMFC
Ja Anode water mass transfer flux
Jc Cathode water mass transfer flux
Jcross The water transport flux through the ionomer of

membrane and catalyst layer
JEOD Water transport flux caused by electro-osmotic drag effect
Jl Water transport flux forced by liquid water pressure

gradient
jlim,a Limited current density of FC anode
jlim,c Limited current density of FC cathode
Jlw Liquid water mass transfer flux
Jm Water transport flux caused by diffusion
nd EOD coefficient
pc Capillary pressure
pEC Pressure of EC cell
pg Gas mixture pressure
pl Liquid water pressure
psat Water vapor saturation pressure
pv,KOH Vapour pressure of the KOH solution
pv,H2O Vapour pressure of pure water
qH2 Hydrogen flow rate
qO2 Oxygen flow rate
RH Relative humidity
s Liquid saturation
TEC Temperature of EC cell
TFC Temperature of PEMFC
TPVc Cell temperature of PV module
Vact Activation loss of PEMFC
Vact,a,E Activation overvoltage at the anode of single electrolyser

cell
Vact,c,E Activation overvoltage at the cathode of single electrolyser

cell
Vcell The output voltage of the single fuel cell
Vcon Concentration loss of PEMFC
VE Cell voltage of single electrolyser cell
Vm Voltage at the maximum power point
Voc Open-circuit voltage
Vohm Ohmic loss
Vohm,E Ohmic overvoltage of single electrolyser cell
VPVc Voltage of the PV cell
Vrev,E Reversible voltage of single electrolyser cell
V0
rev,T Reversible voltage as a function of temperature and at the

reference standard pressure (1 bar)
λ Membrane water content
σ Electrical conductivity
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performance data, and poor internal mathematical models will cause
large errors in HES performance and will further cause low accuracy of
the HES performance forecasting and optimization results [17]. The
above-reviewed work mostly adopted simple mathematic models to
predict the subsystem performance in the HES. These simplified models
may cause the poor reliability of the optimized results. Few researchers
adopt detailed mathematic models considering the intrinsic meaning of
physicochemical processes in the hybrid energy system. Khalaj et al.
[18] adopts hybrid wind turbines, PV modules, and battery hybrid en-
ergy system to support data center aiming to improve the level of in-
dependence from the grid of DC. A five-parameter logistic function wind
turbine model and a step-wise mathematical PV module model are
adopted for the output prediction of the wind turbine and PV module.
Lazaar et al. [19] developed a hybrid isolated Tidal/PV system with the
combined battery as the energy storage system to feed an MW scale DC,
the detailed mathematic model of the subsystem and energy manage-
ment system was introduced. Kang et al. [20] numerically investigated a
hybrid system consisting of PEMFC, battery, and data center servers, a
detailed two-phase dynamic PEMFC stack model was adopted. Zhao
et al. [21] proposed a PEMFC-based CCHP system integrated with
methanol reforming and dehumidification for data center electric and
cooling load, the detailed mathematical models of methanol reformer,
PEMFC stack, and adsorption chiller were used. Ham et al. [22] devel-
oped a mass, momentum, and species conservations-based high-tem-
perature polymer electrolyte fuel cell (HT-PEFC) model to investigate
the combined cooling and power performance of the HT-PEMFC and
absorption refrigerator system for the data center application. Chen
et al. [23] adopted detailed equivalent circuit models for a series-
connected interline superconducting magnetic energy storage to
implement energy management and load protection of direct-current
doubly-feed induction generator/internet data center network. Refer-
ences [18–23] adopt more complex mathematic models for the com-
ponents and the model validation results are all given. However, the
PEMFC models in these work are generally the simplified model
[20–23], in which the complex mass transfer process is generally
ignored. Among the present HES simulation and optimization re-
searches, the mathematic models of subcomponents in HES still lack
accuracy and repeatability.

For HES simulation, the accuracy of simulation models directly in-
fluences the accuracy of HES performance forecasting results. This paper
aims to develop accurate and reliable mathematical models for the key
components in the HES for data center application. A one-dimensional

two-phase flow PEMFC model is developed in this work. All equations
and parameters used for the subcomponent models are given in detail to
ensure repeatability. Further, an editable HES simulation program based
on the MATLAB-SIMULINK platform is developed. The mathematical
models, energy management system, and subsystems are all integrated
into the simulation program. The key subsystems are coded into the
editable m-functions to ensure their editability. Finally, the yearly HES
performance simulations are conducted and analyzed for a 200 kW data
center in Xi’an with different HES parameters and an appropriate HES
parameter arrangement is provided. It is to be noted here that apart from
numerical simulation the authors’ group will establish an experimental
hybrid energy system for low carbon data center, therefore the weather
data in Xi’an are adopted.

In the following, detailed information on the mathematic models,
energy management strategy, and subsystems are introduced in Section
2. The main results and discussion on model validation and system
simulation results are discussed in Section 3. Conclusions and per-
spectives are introduced in Section 4.

2. Method

In this Section, the detailed hybrid energy system framework is
introduced. The mathematic models for all components are introduced
in detail and the HES simulation method is introduced.

2.1. The hybrid energy system framework

A hybrid energy system scheme is adopted in this work for data
center, as shown in Fig. 1. The photovoltaic cell modules are adopted for
green electric power generation. The lithium battery, hydrogen storage,
hydrogen electrolysis cell (EC), and PEMFC are adopted for green energy
storage and generation for DC. The grid remains for electric balance and
works as the backup power.

2.2. The photovoltaic cell modeling

The engineering photovoltaic cell mathematical model considering
the DC power output characteristic is adopted in this work[24,25]. The
relationship between the current and voltage of the single PV module is
calculated by Eq.(1) to Eq.(3).

IPVc = ISC
{

1 − C1

[

exp
(

VPVc

C2VOC

)

− 1
]}

(1)

σeffs Effective electrical conductivity of porous region
σeffm-CL Effective electronic conductivity of CLs

Ω Electrical resistance
µl The dynamic viscosity of water

Fig. 1. The hybrid energy system scheme.
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C1 =

(

1 −
Im
ISC

)

exp
(

−
Vm

C2VOC

)

(2)

C2 =

(
Vm

VOC
− 1

)
/
ln
(

1 −
Im
ISC

)

(3)

where VPVc and IPVc are the voltage and current of the PV cell respec-
tively. Isc is the short-circuit current. Voc is the open-circuit voltage. C1
and C2 are two intermediate variables. Im and Vm are the current and
voltage at the maximum power point.

For commercial PV products, the manufacturer provides four pa-
rameters: Imref, Iscref, Vmerf, and Voref, which respectively are the
maximum power current, short-circuit current, maximum power
voltage, and open-circuit voltage under reference environmental con-
dition (solar irradiance is 1000 W⋅m-2 and environmental temperature is
25 ℃). Under different working conditions, the VPVc - IPVc output
characteristic of PV cells can be determined from the above four given
data. The calculation formulas and parameters are shown in Table 1.
With the parameters and equations in Table 1 and the necessary pa-
rameters from the manufacturer, the output characteristic can be
calculated by the irradiance and environmental temperature data.
Maximum power point tracking (MPPT) is generally adopted to ensure
optimal utilization of PV modules[26]. The perturb and observe MPPT
algorithm[27] is adopted in this paper to calculate the maximum power
point of the PV cell which is used as the output power of the PV module.

For the fixed inclined PV module, the total irradiance G over the PV
surface can be calculated by Eq.(4):

G = Gb +Gd +Gr (4)

where Gb is the direct normal irradiance, W⋅m-2. Gd is the diffusive
irradiance, W⋅m-2. Gr is the ground reflection irradiance, W⋅m-2. The
hour averaged irradiance and environment temperature data is provided
by PVGIS Photovoltaic Geographical Information System [28,29] which
can provide Gb, Gd, and Gr on the inclined PV module.

The KC200GT Solar Panel produced by Kyocera is adopted in this
work. the parameters of the PV module is shown in Table 2.

2.3. The hydrogen electrolyser modeling

The static electrical model of a commercial advanced alkaline water
electrolyser[30] is adopted in this paper. For a single electrolyser cell,
the cell voltage VE can be expressed as:

Table 1
The correction formulas and parameters of the PV model.

Parameter Value/Equation Unit

Im Im = Imref
G

Gref
(1+ aΔT) A

Isc ISC = Iscref
G

Gref
(1+ aΔT) A

Vm Vm = Vmref ln(e+ bΔG)(1 − cΔT) V
Voc VOC = Vocref ln(e+ bΔG)(1 − cΔT) V
ΔT ΔT = TPVc-Tref ℃
Cell temperature TPVc TPVc = Tair +

NOCT − 20
800

G ℃

Tref 25 ℃
ΔG ΔG = G-Gref W⋅m-2

Gref 1000 W⋅m-2

a 0.0001 ℃-1

b 0.0017 ℃-1

c 0.0042 m2 ⋅W-1

Table 2
The parameters of KC200GT PV model [31,32].

Parameter Value Unit

Rated power Ppvrated 200 W
Surface area Apvm 1.41 m2

Slope angle Sl 34 ◦

Azimuth angle Az -3 ◦

Imref 7.61 A
Iscref 8.21 A
Vmref 26.3 V
Voref 32.9 V
NOTC 47 ℃

Table 3
The mathematic models of the EC module [30].

Parameter Parameter/Equation Unit

Vrev,E
Vrev,E = V0

rev,T +
R(TEC + 273.15)

2F
ln(

(pEC − pv,KOH)
(
pEC − pv,KOH

)1/2

aH2O•KOH
)

V

V0
rev,T V0

rev,T = 1.5184 − 1.5421× 10− 3(TEC + 273.15) + 9.526× 10− 5(TEC + 273.15)ln(TEC + 273.15)

+9.84× 10− 8(TEC + 273.15)2
V

pv,KOH pv,KOH = exp
(
2.302aEC + bECln

(
pv,H2O

))
/

aEC aEC = − 0.0151m − 1.6788× 10− 3m2 + 2.2588× 10− 5m3 /
bEC bEC = 1 − 1.2062× 10− 3m + 5.6024× 10− 4m2 − 7.8828× 10− 6m3 /
pv,H2O pv,H2O = exp

(

81.6179 −
7699.68

TEC + 273.15
− 10.9ln(TEC + 273.15)+ 9.5891× 10− 3(TEC + 273.15)

)
bar

aH2O•KOH aH2O•KOH = exp(− 0.05192m+ 0.003302m2 +
3.177m − 2.131m2

TEC + 273.15
)

/

Molar concentration of KOH solution m mol⋅kg-1

Pressure of EC cell pEC bar
Temperature of EC cell TEC ℃
Vact,a,E Vact,a,E = sln(

1
t
IE + 1) V

Vact,c,E Vact,c,E = vln(
1
w
IE + 1) V

Current of EC cell IE A
s s = s1 + s2TEC + s3T2EC /
t t = t1 + t2TEC + t3T2EC /
v v = v1 + v2TEC + v3T2EC /
w w = w1 + w2TEC + w3T2EC /
Vohm,E Vohm.E =

r
AEC

IE /

r r = r1 + r2T +
r3
T

+
r4
T2

/

Reaction area AEC m2
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VE = Vrev,E(T, p)+Vact,a,E+Vact,c,E +Vohm,E (5)

where Vrev,E is the reversible voltage. Vact,a,E and Vact,c,E is the activation
overvoltage at the anode and cathode. Vohm,E is the ohmic overvoltage.
The detailed mathematical equations of the electrical model are shown
in Table 3.

The EC cell VE - IE curve can be obtained by the mathematical model.
With the assumption of EC system efficiency, the relationship between
EC power and hydrogen generation rate can be obtained.

2.4. The PEMFC modeling

The static PEMFC model considering the detailed mass transfer
processes is developed in this work. The schematic diagram of a one-
dimensional PEMFC single cell model is illustrated in Fig. 2. The sin-
gle cell consists of the bipolar plate (BP), gas channel (CH), gas diffusion
layer (GDL), micro-porous layer (MPL), catalyst layer (CL) and proton
exchange membrane (MEM).

The following assumptions are used:
(1) The air, fuel gas, and water vapor are regarded as ideal gas, and

the fluid flow is laminar in the channel [33].
(2) The gravity effect is neglected.
(3) The temperature of the PEMFC is assumed to be constant and

uniform.
(4) Electrochemically generated water is assumed to be liquid water

as the fuel cell operation temperature is lower than 100℃ [34].

(5) The vapor water mass transfer is ignored in cathode porous zones;
the liquid water transfer is ignored in anode porous zone.

(6) The liquid water transferred to the flow channel zone is quickly
removed.

(7) The nitrogen mass transfer through the membrane is ignored.
(8) Mass transfer in the porous regions is dominated by diffusion

[35,36].
The output voltage of the single fuel cell Vcell can be calculated by

[37]:

Vcell = Erev − Vact − Vcon − Vohm (6)

where Erev is the reversible voltage, V. Vact is the activation loss, V. Vcon
is the concentration loss, Vohm is the ohmic loss.

The reversible voltage is calculated by Nernst equation [25]:

Erev = 1.229 − 2.304× 10− 4(TFC − 298.15)+
RTFC
2F

ln(pH2
̅̅̅̅̅̅̅pO2

√
) (7)

where TFC is the temperature of PEMFC, K. R is the gas constant, 8.3145
J⋅mol-1⋅K-1. F is the Faraday constant, 96,485 C⋅mol-1. pH2 and pO2 are
the pressure of hydrogen and oxygen in the catalyst layer, atm.

The activation loss is calculated by[38]:

Vact =
RTFC
2αaF

ln(
j

ja,refδaCL(1 − saCL)(
cH2
crefH2

)
0.5)+

RTFC
4αcF

ln(
j

jc,refδcCL(1 − scCL)
cO2
crefO2

)

(8)

where j is the area-averaged current density, A⋅m-2. αa and αb are
respectively the transfer coefficient of the anode and cathode electrodes.
ja,ref and jc,ref are the exchange current density of the anode and cathode
respectively. δaCL and δcCL are the thickness of aCL and cCL. cH2 and cO2
are the hydrogen concentration of the aCL and the oxygen concentration
of the cCL respectively, mol⋅m-3. cH2ref and cO2ref are the reference concen-
trations of hydrogen and oxygen, respectively.

To obtain the activation loss, it is necessary to calculate the mass
transfer process of the hydrogen, oxygen, and water at both two sides of
the PEMFC.

The concentration loss can be calculated by:

Vcon = −
RT
2αaF

ln(1 −
j

jlim,a
) −

RT
4αcF

ln(1 −
j

jlim,c
) (9)

where jlim,a and jlim,c are the limited current density, which is related to
the reactor concentration and the mass transfer ability of the two porous
sides.

The ohm loss is calculated by[25,39]:

Vohm = jAact(Ωs,P + Ωs,por + ΩCLs + ΩMEM) (10)

where Ωs,P is the electrical resistance of the BP, Ωs,por is the electrical
resistance of the GDL and MPL, ΩCLs is the electrical resistance of aCL
and cCL, ΩMEM is the electrical resistance of the MEM. The calculation
equations of the above electrical resistance are shown in Table 4. The
ohm loss is influenced by the water content of the CLs and MEM. The
necessary fuel cell properties are also given in Table 4.

As the three potential loss equations shown above, under the con-
stant current density, the gaseous concentrations and water transfer in
the fuel cell need to be solved. The relevant transport equations are
introduced below. The parameters and equations of the fuel cell model
are given in Table 5.

Based on the two-phase Darcy’s law[40,41], the liquid water velocity
ul in the porous medium can be expressed as:

ul = −
Kkl
μl

∇pl (11)

where K is the intrinsic permeability, m2. kl is the relative permeability.
µl is the dynamic viscosity, kg⋅m-1⋅s-1. pl is the liquid water pressure, Pa.

Fig. 2. The one-dimensional PEMFC single cell.

Table 4
The fuel cell properties.

Parameter Value/Equation Unit

Channel length;
width; height

CL = 70 × 10-3, CW = 1 × 10-3, δCH = 1 × 10-3 m

Land width LW = 1 × 10-3 m
BP height δBP = 2 × 10-3 m
Thicknesses of
GDL, MPL, CL,
MEM

δGDL = 300 × 10-6; δMPL = 40 × 10-6; δCL = 10 ×

10-6; δMEM = 25.4 × 10-6
m

Porosities of GDL,
MPL, CL

εGDL = 0.5; εMPL = 0.5; εCL = 0.3 /

Volume fraction of
ionomer in
catalyst layer

ωaCL = 0.4; ωcCL = 0.4 /

Contact angles of
GDL, MPL, CL

θGDL = 120; θMPL = 115; θCL = 100 ◦

Electrical
conductivity of
BP, GDL, MPL
and CL

σBP = 2000, σGDL = 1200, σMPL = 1200, σCL =
1200

S⋅m-1

Electrical
conductivity of
membrane ionic

σm =

(0.5139λ − 0.326)exp
[

1286
(

1
303.15

−
1
T

)]
S⋅m-1

Effective electrical
conductivity of
porous region

σeffs = σs(1 − ε)1.5 S⋅m-1

Effective electronic
conductivity of
CLs

σeffm - CL = σmω1.5
CL S⋅m-1

Equivalent weight
of membrane

EW = 1.1 kg⋅mol-1

Dry membrane
density

ρm = 1980 kg⋅m-3
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Then the liquid water mass transfer flux Jlw (mol⋅s-1) in the porous
medium can be calculated by:

Jlw =
ρl
Ml

ul = −
ρlKl

Mlμl
∇pl = − Dl∇pl (12)

where ρl is the water density, kg⋅m-3. Kl is the effective permeability, m2.
Ml is the mole mass of water, kg⋅mol-1. Dl is the effective liquid water
diffusion coefficient, m2⋅s-1.

Under constant current density, the water generation rate is con-
stant, which means the sum of the water flow flux from cCL to both
channels is constant. Two water mass transfer fluxes are used in this
model: anode water mass transfer flux Ja (from aCL to aCH) and cathode
water mass transfer flux Jc (from cCL to cCH). The relation of the two
mass transfer fluxes can be expressed as:

Ja + Jc =
j
2F

(13)

Based on the assumption (5) and Eq.(12), Jc is calculated by the
liquid water mass transfer process in the cathode porous region:

Jc =
pl-cCL − pl-cCH-cGDL

δcGDL(
ρlKl
Mlμl

)

cGDL

+ δcMPL(
ρlKl
Mlμl

)

cMPL

+ 0.5δcCL(
ρlKl
Mlμl

)

cCL

(14)

where pl-cCL and pl-cCH-cGDL are respectively the liquid pressure drop of
cCL and the interface between cCH and cGDL, Pa.

In the porous regions, the gas pressure and capillary pressure is
continuous. But the liquid saturation is discontinuous at the interface of
two different porous regions. The relationship between liquid saturation
and liquid pressure can be obtained by the Leverett-J function[41,42]:

pc = pg − pl

pc = σlcosθ
(ε
K

)0.5
J(s)

J(s) =

{
1.42(1 − s) − 2.12(1 − s)2 + 1.26(1 − s)3 θ < 90◦

1.42s − 2.12s2 + 1.26s3 θ > 90◦

(15)

where pc is the capillary pressure, Pa. pg is the gas mixture pressure, Pa.
σl is the surface tension coefficient, N⋅m-1. θ is the contact angle of
porous electrodes, ◦. ε is the porosity. s is the liquid saturation.

At the interface of the GDL and CH, the Leverett-J function can still
be adopted, in which the GDL’s contact angle and porosity are used[43].

Table 5
The parameters and equations of the fuel cell model.

parameter Value/Equation Unit

Transfer coefficient of anode and cathode αa = 0.5, αc = 0.5 /
Anode reference current density

ja,ref = 3.5× 107exp
(

− 1400
(
1
T
−

1
353.15

))
A⋅m-2

Cathode reference current density
jc,ref = 1.0exp

(

− 7900
(
1
T
−

1
353.15

))
A⋅m-2

Reference concentration of H2 [45] crefH2
= 56.4 mol⋅m-3

Reference concentration of O2 [45] crefO2
= 3.39 mol⋅m-3

Anode limited current density jlim,a = 2F
cH2 ,CH

(δpor/Deff
H2 ,por)

A⋅m-2

Cathode limited current density jlim,c = 4F
cO2 ,CH

(δpor/Deff
O2 ,por)

A⋅m-2

The effective permeability of GDL, MPL, CL and MEM Kl-GDL = 1 × 10− 11; Kl-MPL = 1 × 10− 12; Kl-CL = 1 × 10− 13; Kl-MEM = 2 × 10− 20 m2

Liquid water dynamic viscosity[46] μl = 2.414× 10− 5 × 10247.8/(T− 140.0) kg⋅m-1⋅s-1

Electrical resistance of the BP Ωs,P =
δBP

σs(Aact − AsCH - GDL)
Ω

Electrical resistance of GDL and MPL Ωs,por =
δpor

σs(1 − ε)1.5Aact

Ω

Electrical resistance of CL ΩCL =
1

1
δCL

σs(1 − ε)1.5(1 − ωCL)Aact

+
1

δCL
σCLm ωCLAact

Ω

Electrical resistance of the MEM ΩMEM =
δMEM

σMEMm Aact

Ω

Surface tension coefficient σl = 0.0625 N⋅m-1

Sherwood number[25] Sh = 4.86 /
Oxygen diffusion coefficient[25] DO2 = 2.652× 10− 5 m2⋅s-1

Effective oxygen diffusion coefficient in porous region Dpor-O2 =
(
εpor

(
1 − spor

))1.5DO2
m2⋅s-1

Water vapor diffusion coefficient[25] Dvp = 1.055× 10− 4 m2⋅s-1

Effective water vapor diffusion coefficient in porous region Dpor-vp =
(
εpor

(
1 − spor

))1.5Dvp m2⋅s-1

Hydrogen diffusion coefficient[25] DH2 = 1.055× 10− 4 m2⋅s-1

Effective hydrogen diffusion coefficient in porous region Dpor-H2 =
(
εpor

(
1 − spor

))1.5DH2
m2⋅s-1

The membrane water diffusion coefficient[47]

Dm =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

2.69266× 10− 10 λ⩽2

D(T)[0.87(3 − λ) + 2.95(λ − 2)] 2 < λ⩽3

D(T)[2.95(4 − λ) + 1.642(λ − 3)] 3 < λ⩽4

D(T)
[
2.563 − 0.33λ + 0.0264λ2 − 0.0006713λ3

]
4 > λ

D(T) = 10− 10exp
[

2416
(

1
303

−
1
T

)]

m2⋅s-1

Membrane water content[48]
λ =

{
0.043+ 17.81a − 39.85a2 + 36.0a3 0⩽a⩽1

14.0+ 1.4(a − 1) 1 < a⩽3
a = RH + 2s

/

EOD coefficient nd =
2.5λ
22

/
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Based on assumption (6), the liquid saturation at the interface can be
assumed to be 0. The oxygen concentration can be calculated by:

qO2 =
ccCH-O2 − cscCH-cGDL-O2

dcCH - hydAact
ShDO2AcCH

Aact (16)

where qO2 is the oxygen flow rate, mol⋅s-1. ccCH-O2 and cscCH-cGDL-O2 are
the oxygen concentration at cCH and the interface of cCH and cGDL,
respectively. dcCH-hyd is the hydraulic diameter of cCH. Aact is the active
area. AcCH is the area of the interface of cCH and cGDL. Sh is the Sher-
wood number. DO2 is the O2 diffusivity at the reference state, m2⋅s-1.

For the O2 diffusion process at cathode porous regions, the oxygen
flow rate can be calculated by:

qO2 =
ccCH-O2 − ccGDL-O2
dcCH-hydAact

ShDcCH-O2AcCH
+ 0.5δcGDL

DcGDL-O2
Aact (17)

qO2 =
ccGDL-O2 − ccMPL-O2
0.5δcGDL
DcGDL-O2 +

0.5δcMPL
DcMPL-O2

Aact (18)

qO2 =
ccMPL-O2 − ccCL-O2
0.5δcMPL
DcMPL-O2 +

0.5δcCL
DcCL-O2

Aact (19)

where ccGDL-O2, ccMPL-O2, ccCL-O2 are respectively the O2 concentration of
cGDL, cMPL and cCL. DcGDL-O2, DcMPL-O2, DcCL-O2 are the oxygen diffu-
sion coefficient shown in Table 5.

At anode porous regions, the water mass transfer flux is calculated
by:

Ja =
psat

RT
RHaCL − RHaCH

daCH-hydAact
ShDaCH-vpAaCH

+ δaGDL
DaGDL-vp +

δaMPL
DaMPL-vp +

0.5δaCL
DaCL-vp

(20)

where RHaCL and RHaCH are respectively the relative humidity at aCL
and aCH. DaCH-vp, DaGDL-vp, DaMPL-vp, and DaCL-vp are the diffusion coef-
ficient of water vapor shown in Table 5. psat is the water vapor saturation
pressure, calculated by:

psat = 101325
×10(− 2.1794+0.02953(T− 273.15)− 9.1837×10− 5(T− 273.15)

2+1.4454×10− 7(T− 273.15)3) (21)

The hydrogen flow rate can be calculated by:

qH2 =
caCH-H2 − caCL-H2

daCH-hydAact
ShDaCH-H2AaCH

+ δaGDL
DaGDL-H2 +

δaMPL
DaMPL-H2 +

0.5δaCL
DaCL-H2

Aact (22)

The water transport flux through the ionomer of membrane and
catalyst layer Jcross can be divided into three parts[44]: the water
transport forced by liquid water pressure gradient Jl, water transport
caused by diffusion Jm, and water transport flux caused by electro-
osmotic drag effect JEOD.

Jl, Jm, and JEOD are calculated by:

Jl =
pl-cCL − pl-aCL

0.5δcCL
Dl,cCL

+ δMEM
Dl,MEM

+ 0.5δaCL
Dl,aCL

(23)

Jm = Jm-cCL-MEM = ωcCL
λcCL − λMEM

0.5δcCLEW
Dm,cCLρm

+ 0.5δMEMEW
Dm,MEMρm

(24)

Jm = Jm-MEM-aCL = ωaCL
λMEM − λaCL

0.5δMEMEW
Dm,MEMρm

+ 0.5δaCLEW
Dm,aCLρm

(25)

JEOD = −
ndj
F

(26)

where Dm,cCL, Dm,MEM, and Dm,aCL are the membrane water diffusion
coefficients. ωaCL andωcCL are the volume fraction of ionomer in CLs. EW
is the equivalent weight of the membrane. ρm is the dry membrane
density. nd is the EOD coefficient. λaCL, λMEM, and λcCL are the membrane
water content. (All given in Table 5)

Then, in summary, the water flux from cCL to aCL can be expressed
by:

Jcross = Jl + Jm + Jeod (27)

As the water is only generated at cCL, the water flux transfer through
MEM is the same as the water transfer through the anode porous regions,
Jcross is equal to Ja.

With the above equations, the necessary conditions for the calcula-
tion of cell voltage are obtained. The equations are solved by the di-
chotomy method. The detailed solution algorithm is explicated in
Appendix A.

2.5. The energy storage modeling

The relationship between Lithium battery state of charge (SOCBAT)
and charged/discharged power (PBAT) is calculated by Eq.(28).

SOCBAT = SOC0 +

∫
PBAT
ηBAT

dt (28)

where SOCBAT is the real-time battery SOC, and SOC0 is the initial SOC.
PBAT is the battery charge/discharge power, the positive and negative
values of PBAT mean the battery is charged and discharged, respectively.
ηBAT is the battery charge/discharge efficiency, 0.95.

Similarly, the hydrogen storage SOC is calculated by:

SOCH2 = SOC0-H2 +
∫

MH2
ηECIEC
2F

dt −
∫

MH2
IPEMFC

2FηPEMFC-H2
dt (29)

where SOCH2 and SOC0-H2 are respectively the real-time and initial
hydrogen storage SOC, kg. MH2 is the mole mass of H2, 0.002 kg⋅mol-1.
IEC and IPEMFC are the total current of the EC modules and PEMFC
modules, respectively, A. ηEC is the H2 generation efficiency of the EC
module, 0.9. ηPEMFC-H2 is the H2 utilization rate of the fuel cell system,
0.9.

The grid SOC is treated as infinity, and Pgrid is used to represent the
power of the grid, negative and positive values of Pgrid mean the data
center consumes grid power and the the grid is charged, respectively.

2.6. The hybrid energy system simulation method

The electrical coupling of the hybrid energy system is controlled and
analyzed in this work. The power-based electrical coupling scheme is
shown in Fig. 3.

As shown in Fig. 3, the PV power PPV(t) and DC power PDC(t) are
defined by the environment conditions and the data center load. The
environment data of the irradiance and temperature are obtained from
the online database. The data center power is assumed constant in this
work. Further, the energy management system (EMS) will calculate the
required power of BAT (PBAT), PEMFC (PPEMFC), and EC (PEC), which
influence the real-time energy storage of BAT and hydrogen. The SOC-
BAT(t) and SOCH2(t) are used as the feedback of the EMS function.

Fig. 3. Electrical coupling scheme of the hybrid energy system.
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Finally, the grid power Pgrid is adopted as the backup of the HES. For the
BAT, PEMFC, and EC, the required power is used to calculate the
working condition of the equipment with consideration of their
efficiency.

For every PV module, the real-time power PPV(t) is corrected by:

PPV(t) = ηPV-systemPMPPT(G(t),T(t)) (30)

where PMPPT(G(t), T(t)) is the output power of PVmodules, and ηpv-system
is the total energy efficiency of PV modules, 0.9.

For PEMFC, the real-time power of PEMFC system PPEMFC(t) is
calculated by:

PPEMFC(t) = PFCS(t)ηPEMFCS (31)

where PFCS is the power of the fuel cell stack (FCS). ηPEMFCS is the energy
transformation efficiency of the PEMFC system (PEMFCS), defined as
the net output power of the PEMFC system over the FCS electrical
power, 0.8.

For EC, the real-time power is calculated by:

PEC(t) =
PEC-cell(t)
ηEC-system

(32)

where PEC-cell is the power of the electrolyser cell. ηEC-system is the effi-
ciency of the EC system (ECS), defined by the EC cell power over the
total EC system power, 0.875.

With the efficiency consideration of the EC system and PEMFC sys-
tem, the real-time EC power and PEMFCS power are obtained. The cell
voltage and current of the electrolyser cell and FCS are calculated by the
mathematical model introduced in Section 2.3 and 2.4.

In this paper, for data center load, the general energy usage order is:
1, PV power; 2, PEMFC power; 3, lithium battery power; 4, grid power. It
means when the PV power is lower than the data center load power, the
hydrogen energy is first adopted, then the energy stored in BAT, and the
grid is treated as the final backup. The general energy storage order is: 1,
lithium battery; 2, hydrogen storage (EC); 3, grid. In particular, for the
operation stability of PEMFC, the PEMFC output power range is limited
from PPEMFCmin= 10 kW to PPEMFCmax= 50 kW. As for the EMS function,
the detailed energy management algorithm is provided in Appendix B.

The coding and simulation work are finished based on the MATLAB-
SIMULINK environment, and the flow chart of the program is shown in

Fig. 4. The simulation program of the proposed hybrid energy system based on MATLAB-SIMULINK environment.

Fig. 5. Model validation of PV module.
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Fig. 4. In the program, the input irradiance and temperature data are
used to calculate the PV modules power. The EMS predicts the required
power of the grid, BAT, EC, and PEMFC. The influence of EC and PEMFC
on hydrogen storage SOC are solved in their subsystems. The PV, EC, and
PEMFC models are coded and integrated into each subsystem. Detailed
information on the program in the subsystems is provided in Appendix
C.

3. Results and discussion

In this Section, the model validation results are first given. Then the
HES yearly simulation results and discussion are introduced. Finally, an
appropriate HES parameters arrangement solution is given.

Table 6
The electrolyser parameters and model parameters.

Parameter Value Parameter Value

KOH solution
electrolyte
concentration

7.64 mol⋅kg-1 Operation temperature
range

15–65℃

Operation pressure
range

4–25 bar Number of cells 22

Cell surface 300 cm2 Nominal current 120 A
The nominal energy
consumption rate of
the electrolysis
module

4.2 kW The total nominal
energy consumption
rate of the whole
equipment

4.8 kW

r1 59.5482 ×

10-6 Ω⋅m2
t2 -2.4601 ×

10-3 A⋅℃− 1

r2 -340.8224 ×

10-9

Ω⋅m2⋅℃-1

t3 52.1217 ×

10-6 A⋅℃-2

r3 -106.9708 ×

10-6 Ω⋅m2⋅℃
v1 110.3623 ×

10-3 V
r4 2.7075 × 10-3

Ω⋅m2⋅℃2
v2 -1.6466 ×

10-3 V⋅℃-1

s1 25.2300 ×

10-3 V
v3 22.8382 ×

10-6 V⋅℃-2

s2 -234.0338 ×

10-6 V⋅℃-1
w1 45.7027 A

s3 3.1832 × 10-6

V⋅℃-2
w2 0.7781 A⋅

℃-1

t1 54.6185 ×

10-3 A
w3 -10.5743 ×

10-3 A⋅℃-2

Fig. 6. Model validation of EC.

Table 7
The operation condition and boundary condition of the PEMFC model.

Parameter Value/equation Unit

Hydrogen/ air stoichiometric
flow ratio

STa = 3; STc = 3 /

Working temperature TFC = 353.15 K
Relative humidity of inlet
hydrogen/air

RHa = 1; RHc = 1 /

Anode/cathode operating
pressure

pga = 101325; pgc = 101325 Pa

Hydrogen mole transfer rate qH2 =
jAact

2F
mol⋅s-1

Oxygen mole transfer rate qO2 =
jAact

4F
mol⋅s-1

Hydrogen concentration in
aCH caCH-H2 =

(pa − psatRHa)

RT
(2 − 1/STH2 )

2
mol⋅m-3

Oxygen concentration in cCH ccCH-O2 =

0.21
(pc − psatRHc)

RT
(2 − 1/STO2 )

2

mol⋅m-3

Fig. 7. Comparison of polarization curve of fuel cell between experiment data
and simulation results.

Table 8
The parameters of the hybrid energy system.

Parameter Value Parameter Value

DC Power PDC =

200 kW
Number of FC system NPEMFC

Number of PV array NPV Rated PEMFC output
power

PPEMFCmax =
50 kW

energy conservation
efficiency of the PV
model

ηPV = 0.9 PEMFC system
efficiency

ηPEMFC-system
= 0.8

Number of electrolysers NEC PEMFC fuel utilization
efficiency

ηPEMFC-H2 =
0.9

Rated power of
electrolysers

PEC = 4.8
kW

maximum charge/
discharge of lithium
battery

PBAT-max =
200 kW

Efficiency of EC system ηEC-system
= 0.9

SOC of battery energy
storage, kW⋅h

SOCBAT

H2 generation efficiency
of the electrolyser

ηEC-H2 =
0.9

SOC of hydrogen
energy storage, kg

SOCH2

Initial SOC ratio of
battery

SOCBAT-
initial

Initial SOC ratio of H2 SOCH2-initial
= 0.9

minimum SOC ratio of
battery

0.2 Minimum SOC ratio of
H2

0.1

maximum SOC ratio of
battery

0.8 Maximum SOC ratio of
H2

0.9
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3.1. Model validation

Fig. 5 is the model validation plot of the PV model, the commercial
KC200GT PV module data are adopted. The experiment data and the
parameters used in the simulation model are given in Table 1 and
Table 2. As shown in Fig. 5, the simulation performance agrees well with
the experiment results, indicating the reliability of the PV simulation
model in this work. For the PV module, the solar irradiance and envi-
ronment temperature influence its I-V output characteristic. Under the
known G and Tair conditions, the output power of PV module is calcu-
lated by the integrated MPPT algorithm in the simulation code.

The EC module used in this work is the H2 IGen 300/1/25 module
produced by Vandenborre Hydrogen Systems (currently Hydrogenics)
[30]. Table 6 shows the electrolyser parameters and the constant pa-
rameters used in the EC model.

Fig. 6 is the model validation plot of the EC model, a good agreement
between the simulation model and experiment data from Reference[30]
is achieved. The large error only occurs at low current conditions. With
the increase of the operation pressure and temperature, the electrolyser
cell voltage decreases under identical currents. The operation pressure
and temperature are set as 25 bar and 65℃ respectively as the constant

working parameters of the EC in the HES.
The fuel cell model in this work is validated by the experiment po-

larization curve at 80℃ cell temperature, and the geometric structure
and operation condition of the PEMFC is consistent with references
[25,49], which are presented in Table 4 and Table 7. As shown in Fig. 7,
the simulation data are well agreed with the experiment data. The large
difference occurs when the current density is relatively small and quite
large which has little influence on the simulation results as the fuel cell
generally doesn’t work under these limited conditions. In the ohmic loss
and concentration loss region, the average relative deviation is about
1.80 %.

3.2. Simulated system performance

Apart from the clarified PV, EC, and PEMFC models, the additional
parameters for the HES simulation are given in Table 8. The power of DC
PDC is set as constant (200 kW) in this HES, and the number of PV, EC,
and PEMFC modules are set as changeable variables. The SOC of BAT,
hydrogen storage, and the maximum charge/discharge power of BAT
are set as changeable variables too. These variables’ influences on the
HES performance are discussed below. The minimum and maximum

Fig. 8. The whole year performance of the hybrid energy system (with NPV = 2000, NPEMFC = 4, NEC = 20, PBAT-max = 200 kW, SOCBAT = 1 × 106 kW⋅h, SOCH2 = 1 ×

105 kg, SOCBAT-initial = 0.7).

Fig. 9. The whole year performance of the hybrid energy system (with NPV = 3000, NPEMFC = 4, NEC = 20, PBAT-max = 200 kW, SOCBAT = 1 × 106 kW⋅h, SOCH2 = 1 ×

105kg, SOCBAT-initial = 0.7).

Z.-X. Wang et al. Applied Thermal Engineering 258 (2025) 124522 

10 



limitations of SOCBAT are set as 0.2 and 0.8 for the health of the battery.
The limitations of SOCH2 are set as 0.1 and 0.9 considering the hydrogen
energy storage characteristics. The initial SOC of hydrogen energy
storage is set as 0.9. The constant efficiencies of the PEMFC and EC

system have been introduced in Section 2.6. The PEMFC fuel utilization
efficiency and EC H2 generation efficiency are both set as 0.9.

Based on the hour-stepped weather data of Xi’an in 2020, the in-
fluences of the installed PV number, EC number, battery SOC, and

Fig. 10. The whole year performance of the hybrid energy system (with NPV = 2500, NPEMFC = 4, NEC = 20, PBAT-max = 200 kW, SOCBAT = 1 × 106 kW⋅h, SOCH2 = 1
× 105 kg, SOCBAT-initial = 0.7).

Fig. 11. The whole year performance of the hybrid energy system (with NPV = 3000, NPEMFC = 4, NEC = 50, PBAT-max = 200 kW, SOCBAT = 1 × 106 kW⋅h, SOCH2 = 1
× 105 kg, SOCBAT-initial = 0.7).

Fig. 12. The whole year performance of the hybrid energy system (with NPV = 3000, NPEMFC = 4, NEC = 50, PBAT-max = 200 kW, SOCBAT = 5 × 105 kW⋅h, SOCH2 = 1
× 105 kg, SOCBAT-initial = 0.45).
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hydrogen storage SOC on the HES operation performance are investi-
gated in this Section.

PV modules are the only primary renewable energy source in this
HES, and the number of PV modules directly influences the power
performance in the whole year. Fig. 8 shows the whole-year perfor-
mance of the hybrid energy system with 2000 PV modules. As shown in
Fig. 8a, the PV total output power frequently exceeds the required 200
kW DC power in the daytime hours with sufficient irradiation. During
those hours, the PV power directly supports DC and other subsystems.
BAT is charged by the surplus PV power as it is less than PBAT-max as
shown in Fig. 8b, which also causes EC not to work in this case. During
the other hours when the PV power is smaller than PDC, the combined
PEMFC and battery preferentially work to meet the lacking load power.
The PEMFC servers as the main power supplier as introduced in Section
2.6. Then the PEMFC works frequently in the front part of the year as
shown in Fig. 8a. The BAT supports PEMFC with smaller discharge
power as shown in Fig. 8b. The hydrogen storage SOC is 1 × 105 kg in
this case, and it reaches the lowest hydrogen storage SOC limitation at
the 6336th hour as shown in Fig. 8c. Then PEMFC stops its power
output. After that, BAT discharges to support DC when PV power is less
than DC power. Then SOCBAT quickly decreases after the 6336th hour as
shown in Fig. 8c. In Fig. 8, PV output power is not sufficient although it
is larger than DC power during some hours. The surplus PV power is all
stored in the battery. Thus, EC doesn’t work in the year. A large capacity
of energy storage is needed to support the HES as the PV power is not
sufficient. The energy balance in the hybrid system is achieved in this
case as the grid power remains zero in this case. However, the SOCBAT at
the end of the year is significantly smaller than the SOCBAT-initial, which
will influence the HES performance in the next year. Based on Fig. 8, the
number of PV modules is increased to 3000 with the same arrangement
of the other subsystems in the next simulation case, the system perfor-
mance is shown in Fig. 9.

In Fig. 9a and Fig. 9b, with increased NPV, the peak PV power is
significantly increased, the BAT is charged with maximum power for
many hours while ECs start to work until the BAT is charged to the up-
limitation. The additional hydrogen produced by ECs delayed the runout
moment of hydrogen storage as shown in Fig. 9c. Another influence on
the increased number of PV modules is the grid power, as shown in
Fig. 9b, the positive value of grid power occurs. Some small positive Pgrid
occurs due to that the surplus PV power is even larger than the sum of
the maximum charge power of BAT and the power of EC. The power that
can’t be stored in the BAT and hydrogen storage is then transferred to
the grid. Some large positive Pgrid occurs after the SOCBAT reaches its
maximum value while the BAT charging power is limited. After the

6808th hour, the hydrogen storage runs out, the BAT replaces the power
output role of PEMFC. Then the grid power returns to zero as the BAT is
no more under the overcharged condition and consumes the additional
power in the daytime.

Comparing Fig. 8 and Fig. 9, the surplus PV modules power increases
and is consumed by EC, BAT, and the grid. But NPV is over-sized in Fig. 9,
the surplus PV power causes the frequent grid charging conditions. For
the real-world implementation of the HES arrangement in Fig. 9 case, a
half more PV modules installing area is required. And the frequent grid
charging may be a problem between the data center owner and the grid
company. Then the surplus PV power and grid charging power should be
reduced. Facing this problem, there are three solutions: 1, decrease PV
modules number; 2, increase EC modules number; 3, increase SOCBAT or
decrease SOCBAT-initial. Fig. 10 and Fig. 11 relatively show the simulation
results of the first two solutions.

In Fig. 10, NPV is 2500 compared with Fig. 9, the surplus grid
charging power significantly decreases and only occurs in a small-time
region when the environment is pretty good for PV electrical genera-
tion. In Fig. 11,NEC is 50 compared with Fig. 9. With the improvement of
EC module numbers, the grid power keeps zero for the whole year,
which means the surplus power is consumed by EC. Both the two solu-
tions help smooth the grid power, the decreased PV is more attractive as
the increasedNEC means more investment. With the appropriateNPV, the
third solution can be adopted to improve the HES performance in the
year.

From Figs. 8-11, the SOCH2 and SOCBAT variation is similar. The
hydrogen storage will all run out near the end of the year, which is due
to the high and long-time power output of PEMFC modules. The SOCBAT
will reach its up limitation near the middle of the year, which is due to
the surplus PV energy and secondary usage order of the battery. After
the runout of hydrogen storage, the BAT starts its discharging to support
HES until it meets its down-limitation. Here, it is necessary to indicate
one important difference between hydrogen energy storage and battery
energy storage under large-scale applications: the hydrogen storage can
be recharged with the external hydrogen sources in a short time (one
month for example) as the hydrogen storage tank can be easily replaced
or recharged by the other hydrogen sources. However, the cell
replacement of the lithium battery costs high. The battery storage
generally can only be recharged at the limited slow speed (PBAT-max) for a
built battery module in HES. Thus, the SOCBAT and SOCBAT-initial should
be adjusted to enhance BAT’s energy storage benefit. Compared with
Fig. 11, Fig. 12 shows the HES performance in a year with the adjusted
SOCBAT and SOCBAT-initial.

In Fig. 12, compared with Fig. 11, the SOCBAT and SOCBAT-initial are

Fig. 13. The whole year performance of the hybrid energy system (with NPV = 2500, NPEMFC = 4, NEC = 10, PBAT-max = 200 kW, SOCBAT = 4.5 × 105 kW⋅h, SOCH2 =
1.22 × 105 kg, SOCBAT-initial = 0.45).
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Fig. A1. The equations-solving algorithm of the PEMFC model.
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both decreased. The smaller SOCBAT-initial provides more battery
charging ability. The BAT keeps charging until the PEMFC shuts down as
shown in Fig. 12c. The up-limitation reaching condition of BAT is
avoided although the SOCBAT has a half reduction. The charging and
discharging of BAT also help keep grid power equal to zero for the whole
year.

From Figs. 8-12, in conclusion, the PV modules should be set as a
suitable capacity. Insufficient PV power will cause EC to not work for the
whole year. The overlarge PV power will cause frequent energy transfer
between the HES and the grid. With the suitable number of PV modules,
the number of ECs can be further adjusted to consume surplus PV power
that cannot be charged in BAT. To further enhance the HES’s reliability
on the grid, the SOCBAT, SOCBAT-initial, and SOCH2 can be adjusted to
realize the “off-grid” condition.

With the above discussion of parameters adjustment influence on the
HES yearly performance, Fig. 13 shows the HES performance of an
appropriate HES parameters arrangement solution. In this case, the PV

module number is set as 2500, the surplus PV peak power is not so large,
then the EC module number is reduced to 10. SOCBAT and SOCBAT-initial
are both adjusted to the smaller level. And the SOCH2 is slightly
improved. As shown in Fig. 13, the grid power is equal to zero for the
whole year. From the first month to about the eleventh month, the larger
SOCH2 increases the PEMFC working time. During this long time, the
surplus PV power in the daytime is mainly stored in the BAT and some
small peak power is consumed by ECs. After the shutdown of PEMFC, the
BAT works to support DC when PV power is smaller than the PDC. The
SOCBAT is quickly decreasing as the discharging is as large as 200 kW at
night. However, with the adjusted SOCBAT and SOCBAT-initial, the energy
stored in BAT during the front 11 months can support the discharging
requirement in the last month. In conclusion, with the arrangement of
the parameters in Fig. 13, the power generated by PV modules in the
year is sufficiently used in the HES by the DC, BAT, and EC. The surplus
PV power is stored by BAT (mainly) and hydrogen storage in the front
eleven months. In the last month when hydrogen storage runs out, the

Fig. B1. The EMS logic of the hybrid energy system.

Fig. C1. The subsystem of the PV cell in the HES SIMULINK program.
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energy stored in BAT is used to support the DC. At the end of the year,
the SOCBAT is still slightly larger than the SOCBAT-initial. For the work of
next year, only the hydrogen storage should be recharged, and the
recharging could be done in the last month.

4. Conclusions

In this paper, a HES for data center application is constructed, which
includes DC, grid, PV, EC, PEMFC, BAT, and hydrogen storage. The main
contribution is the construction of the detailed simulation process from
accurate and reliable mathematical models’ development to the simu-
lation program development. The main work and conclusions are as
follows:

1, A PEMFC one-dimensional model is proposed with consideration
of the complex two-phase mass transfer process inside the PEMFC. The
PEMFC model agrees well with the experiment data. Considering mass
transfer effects improves model accuracy, particularly at high current
densities. In the ohmic loss and concentration loss region, the average
relative deviation is about 1.80 %.

2, A HES simulation program is developed based on the MATLAB-
SIMULINK environment. All mathematical models and EMS module
are integrated into the subsystems and m-functions to ensure the edit-
ability of the simulation program. This program has realized the com-
plete simulation process of the HES system based on the environmental
data.

3, The performance of HES on a 200 kW load data center at Xi’an is
simulated and analyzed. The influences of NPV, NEC, SOCBAT, and SOC-
BAT-initial on the system performance are analyzed. An appropriate HES
parameters arrangement solution is provided: NPV = 2500, SOCBAT =

4.5 × 105 kW⋅h, SOCH2 = 1.22 × 105 kg, SOCBAT-initial = 0.45. In this
case, the generated PV energy in the year is fully consumed in the HES,
and the HES reaches the “off-grid” condition. The zero-carbon emission
working of DC is ensured. The vast majority of PV surplus energy is
stored in BAT and used in the last month. The hydrogen storage

Fig. C2. The subsystem of EC in the HES SIMULINK program.

Fig. C3. The subsystem of PEMFC in the HES SIMULINK program.
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sufficiently supports HES in the front 11 months and will be recharged
within the last month. After hydrogen storage recharging, the HES is
guaranteed for the requirement of next year.

The main contribution of this work is the development of an editable
HES simulation program that is extensible for data center applications,
which will interest practitioners in the data center industry. Also, the
subcomponents mathematic models, EMS logic, and subcomponents
types can be easily updated and added in the future based on the
developed basic program.
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Appendix A

To solve the gaseous substance and water transfer in the PEMFC
model, Fig. A1 shows the detailed equations-solving process. First of all,
the fuel cell properties and operation conditions should be defined and
calculated. The important boundary conditions and diffusion co-
efficients which are not related to the unknown variables should be
calculated too. All necessary parameters and formulas are shown in
Table 4 and Table 5 in this work.

To calculate Erev, Vact, Vcon, and Vohm, Eq. (13) to Eq. (27) should be
solved, and the dichotomy method is adopted. As shown in Fig. A1,
before the iterations, the upper and lower variable bounds of Jc, scGDL,
scMPL, and scCL are set. The cathode water transfer process is solved with
the assumed Jc calculated by the dichotomy method. After three sub-
iterations, the scGDL, scMPL, scCL, ccGDL-O2, ccMPL-O2, ccCL-O2 that fit the
liquid water mass transfer equation (Eq. (12)) and oxygen transfer
equations (Eq. (17)-Eq. (19)) in the porous region are obtained, which
are only related to Jc. Ja is only related to Jc (Eq. (13)). Then RHaCL is
only related to Jc (Eq. (20)). The water content of membrane λMEM is
obtained by the following sub-iteration with Eq. (24) and Eq. (25). And
the hydrogen concentration of H2 in aCL is calculated by Eq. (22). Then
the plaCL is obtained by L-J equation. After that, the necessary parameter
for calculating the water transport flow rate through the ionomer of
membrane and catalyst layer Jcross is obtained. As Jcross is equal to Ja, a
nJc is obtained by Eq. (13). If nJc is equal to the assumed Jc, the iteration
is over, else the assumed Jc is adjusted by the dichotomy method.

With all iterations converged, the output voltage of the single cell is
obtained.

Appendix B

For the EMS, the detailed energy management algorithm is proposed
and integrated into the SIMULINK program by a m-function. The
detailed EMS flow chart is given in Fig. B1. The function of EMS is to
define the power of BAT, PEMFC, EC, and grid at every simulation time
step. As shown in Fig. B1, the environment data of the irradiance and
temperature is used to calculate the total output power of the PV mod-
ules based on the models and parameters introduced in the manuscript.
PDC is the known constant in this work. First of all, PDC and PPV are
compared to define the working condition of the other systems:

providing power or storing power.
On one hand, when PPV is larger than PDC, the additional PV power

should be stored. Then the PEMFC is not working. The energy is pref-
erentially stored in BAT as the efficiency is high. If the charging con-
dition is limited by real-time battery SOC (SOCBAT) and battery charging
power (PBAT-max), the surplus PV power is consumed by EC and the grid.
The EC working condition is restricted by real-time hydrogen storage
SOC (SOCH2) and the maximum EC power (PEC-max⋅NEC). If EC can’t
consume the surplus PV power, the grid is adopted as the final backup of
which the SOC and power are not limited.

On the other hand, when PPV is smaller than PDC, it means the power
of PV can’t support the requirement of the data center. The additional
power (AP) generated by PEMFC, battery, and grid is needed, and the
PEC is zero. A special energy usage scheme is used in this work: the
PEMFC works as the main additional power generation source, the
battery works as the assistant of the PEMFC and the grid is the backup
power source. And as introduced in Section 2.6, the PEMFC output
power of every PEMFCS is limited within the PPEMFC-min and PPEMFC-max.
With the above special restrictions, the real-time hydrogen storage SOC
(SOCH2), PPEMFC-min, PPEMFC-max, and NFC are used to define the output
power of PEMFC modules. NPEMFCrated is the number of PEMFC modules
that are working at PPEMFC-max. The battery works to offset AP when
PEMFC modules power can’t be adjusted to equal to AP.

The EMS flow char in Fig. B1 is coded in the EMS module shown in
Fig. 4 by MATLAB judgment statements. The EMS module can be
changed and recorded with other EMS logic.

Appendix C

The basic logic of the HES simulation program has been introduced
in Section 2.6. Detailed information about the PV subsystem, EC sub-
system, and PEMFC subsystem is introduced in this Appendix C.

Fig. C1 is the built PV subsystem in the main program. The irradiance
data and environment temperature data are the input of the PV sub-
system. The power of the single PV cell is the output parameter of the PV
subsystem. In the PV subsystem, an integrated m-function named
“PV_model and P&O MPPT” is developed to calculate the PV cell power
based on Eq.1 to Eq.3, and the P&O MPPT algorithm. The necessary
constants are set as constant input of the m-function.

For the EC module, Fig. C2 shows the built EC subsystem. For the EC
modules, a standard EC module with 4.8 kW module power (4.2 kW of
EC cell power) is adopted in this work. The V-I curve of a single EC cell
has been shown in Fig. 6. As shown in Fig. C2, for the “alkalin-
e_water_electrolyser” subsystem, the required power is its input and the
hydrogen generation rate is its output. In the subsystem, an “a_w_e_st-
andard model” subsystem is developed to calculate the EC cell V-I curve
and to define the working point based on the input power value. The
output of the “a_w_e_standard model” subsystem is the hydrogen gen-
eration rate. Based on the input total EC required power, the number of
ECs working under the rated condition is calculated, and the hydrogen
generation rate for every EC is obtained by another “a_w_e_standard
model” subsystem. There is one EC consuming the left power of the
required power, and its hydrogen generation rate is calculated by
another “a_w_e_standard model” subsystem.

As for the PEMFC subsystem “PEMFC_system max power = 50 kW”,
Fig. C3 shows its program view. The total required PEMFC module
power and the total hydrogen consumption rate are its input and output.
A similar treatment on the number of PEMFC system calculations which
are working under rated conditions is used in the program. As shown in
Fig. C3, the required PEMFCmodule total power is broken down into the
number of PEMFC system working under rated condition (NRE), the
rated power, and the left power. The power is used as the input of the m-
function “Fuel cell model Rated power= 50 kW”, in which the proposed
PEMFC model is solved based on the solving process introduced in Ap-
pendix A. The hydrogen consumption rate is calculated in the m-func-
tion and used as the output parameter of the subsystem.
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Appendix D. Supplementary material

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.applthermaleng.2024.124522.
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