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A B S T R A C T

The increasing proportion of renewable energy introduces both long-term and short-term uncertainty to power
systems, which restricts the implementation of energy management systems (EMSs) with high dependency on
accurate prediction techniques. A hierarchical online EMS (HEMS) is proposed in this paper to economically
operate the Hybrid hydrogen–electricity Storage System (HSS) in a residential microgrid (RMG). The HEMS
dispatches an electrolyzer-fuel cell-based hydrogen energy storage (ES) unit for seasonal energy shifting
and an on-site battery stack for daily energy allocation against the uncertainty from the renewable energy
source (RES) and demand side. The online decision-making of the proposed HEMS is realized through two
parallel fuzzy logic (FL)-based controllers which are decoupled by different operating frequencies. An original
local energy estimation model (LEEM) is specifically designed for the decision process of FL controllers to
comprehensively evaluate the system status and quantify the electricity price expectation for the HEMS. The
proposed HEMS is independent of RES prediction or load forecasting, and gives the optimal operation for HSS
in separated resolutions: the hydrogen ES unit is dispatched hourly and the battery is operated every minute.
The performance of the proposed method is verified by numerical experiments fed by real-world datasets. The
superiority of the HEMS in expense-saving manner is validated through comparison with PSO-based day-ahead
optimization methods, fuzzy logic EMS, and rule-based online EMS.
1. Introduction

Renewable energy has been promoted all over the world during
the past two decades due to the public awareness of environment-
friendly power systems and the technical challenges of energy supply
in remote areas. In residential Microgrids (RMGs), renewable energy
sources (RESs) bring considerable profits as well as uncertainty and
instability, leading to the comprehensive implementation of energy
storage (ES) systems and energy management systems (EMSs) [1].
Besides, the randomness of the demand side and the flexible electricity
price further exacerbate the unpredictability of the system status, and
bring challenges to the EMSs [2].

On-site battery banks are essential objectives to directly address
the uncertainty and intermittence introduced by RESs and the demand
side in most RMGs [3]. Many studies focus on the schedule of the
batteries to allocate the energy supply and load within a designated
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time frame [4,5]. The utilization of mixed-integer programming (MIP)
for day-ahead optimization is a well-recognized approach [6]. For
systems with a higher proportion of RESs, heuristic algorithms like
particle swarm optimization (PSO) [7], and genetic algorithms [8]
are deployed to solve complex mathematical problems. Nevertheless, a
critical drawback of these optimization techniques lies in their reliance
on predictive models or forecasting methods [9] for future RES power
generation and load, which experience a significant decline in accuracy
as the forecasting horizon increases.

Based on the hierarchical control of Microgrids, modern control
theories are introduced to the EMS [10]. Model predictive control
(MPC) is an efficient solution to operate the batteries in real-time [11]
and address the influence of uncertainty [12]. Some studies regard the
EMS as an online decision-making problem and integrate data-driven
techniques for iterative operation of the ES system [13]. To obtain
vailable online 26 March 2024
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valid operation rules, decision methods such as fuzzy logic (FL) [14,15],
game theory [16] and Bayesian optimal algorithm [17] are imple-
mented. However, the energy density of battery stacks limits their
application in long-term energy-shifting to handle issues caused by
climate change or seasonal uncertainty, leading to the implementation
of hybrid ES systems.

A hybrid ES system is composed of two or more ES units with
different dynamic characteristics. In RMG systems, on-site batteries can
shift the load and RES power during the day and Ultra-capacitors are
essential solutions to high-frequency oscillation within seconds [18].
For long-term EMS, fuel cell (FC)-based backup energy supply [19] and
electrolyzer-FC system [20] provide economical and efficient solutions
to seasonal energy shifting due to their high energy density and easy
implementation [21]. To schedule the hybrid hydrogen–electricity stor-
age system (HSS), multi-objective optimization methods are deployed.
In [22], the gravitational search algorithm (GSA) is utilized to optimize
the operation of HSS. In [23], an economic EMS based on marine
predator algorithm (MPA) is designed to control the FC for operation
cost reduction. Online decision methods can also be implemented for
HSSs. With MPC-based primary controllers, rule-based EMS is designed
for several scenarios in [24,25]. In [26], the forgetting factor recursive
least square (FFRLS) algorithm is used as the decision rule with the
consideration of FC degradation, hydrogen (H2) consumption, and
operating efficiency. To take the system status into account, FL-based
supervisory controls [27,28] and MPC-based EMS [29] are designed.
In HSS, efficiency is an essential factor for ES unit operation, which
directly defines the specific functions of ES units. In most literature,
efficiency is used to decide the priority of the ES units in the ruled-
based EMS, however, the seasonal energy oscillation caused by climate
change is not considered or solved. The uncertainty from the energy
market is also hard to analyze due to the complexity of the system.

The research scopes of the existing literature are summarized in
Table 1. Although the current EMS for HSSs achieves good results in
economic and system stability manner, there are still some research
gaps that have not been well addressed.

1. The optimal economical operations of HSSs in most studies
require accurate prediction of system states. However, in RMG
with a high proportion of solar or wind energy, accurate multi-
step forecasting is hard to achieve due to the uncertainty from
weather and consumers. Consequently, conventional EMS based
on the prediction will encounter unexpected accidents in imple-
mentation.

2. ES units always have distinct functions according to their dy-
namic characteristics and energy efficiency. Given the minimal
storage loss, lower energy conversion efficiency, and constraints
on mode switching, the H2 ES unit should adapt its long-term
load-shifting and energy strategies. Batteries should allocate the
energy in the short term due to the limited energy density.
Therefore, EMS design without considering the horizon-based
optimization target of storage units is not applicable in most
cases [30].

3. The power consumption of the compressor and the dynamic
response of FC, which contributes to a reduction in energy
conversion efficiency, has been relatively overlooked in recent
research. However, the H2 pressurization and warm-up proce-
dure of FC consumes extra energy from the RMG system [31].
In this sense, ignoring the dynamics of H2 units in EMS design
may not be held in most cases.

To solve the technical gaps above, a hierarchical EMS (HEMS) is
resented in this paper to control an HSS, including a battery and an H2
S unit, in a grid-connected RMG with integrated RES and household
oads. The research achievement couple be extended to other Micro-
rids suffering from a high proportion of uncertainty from renewable
2

nergy, demand side, and energy market. In the proposed HEMS, two
parallel frequency-decoupled FL controllers are proposed to realize the
economical and stable operation of the HSS. To guide the decision
process of the FL controllers, a local energy estimation model (LEEM)
is designed to generate the electricity price expectation. The proposed
HEMS is verified through numerical experiments with realistic data and
statistical models from a real-world Internet of Things (IoT) laboratory.
The main contributions of the paper can be summarized as follows.

1. An LEEM is proposed in the HEMS to grant the HEMS sufficient
intelligence for cost-effective energy resource dispatch without
dependency on forecasting of RES and load power. The LEEM
quantifies the electricity price expectation in the seasonal hori-
zon for the H2 ES unit and the daily horizon for the battery,
respectively. The proposed LEEM incorporates historical data
and constructs a cumulative evaluation for the HSS operation,
taking the energy price and internal supply–demand balance into
consideration.

2. A hierarchical EMS structure which is composed of two de-
coupled FL controllers is proposed to facilitate collaborative
energy balance among ES units. The FL controllers operate the
ES units towards distinct target objectives according to their
dynamics, and the decoupling of the controllers avoids system
oscillation caused by conflicts in decision-making. The HEMS
structure further exhibits excellent scalability and adaptability
when dealing with various types of ES systems.

3. The dynamic characteristics of the electrolyzer and FC are con-
sidered in the FL controllers. To mitigate the frequent tran-
sitions of the H2 ES unit between charging and discharging,
a purpose-built operating logic is implemented. Additionally,
the system formulation and controller design incorporates the
energy consumption of the compressor.

The rest of the paper is organized as below. The architecture of the
objective RMG is presented in Section 2 as the scenario of the paper. In
Section 3, the design of LEEM is studied. The parallel FL Controllers are
presented, and the coordination between the two layers is analyzed in
Section 4. The numerical experiment is implemented for the proposed
HEMS and the result is shown and analyzed in Section 5. At last, a
conclusion is drawn in Section 6.

2. Architecture of the residential microgrid system

Renewable energy has been promoted rapidly in RMGs during the
last decades. The flexible electricity price is also a consequence of the
increasing proportion of wind and solar generation in energy markets.
To shave the load peak and shift the renewable energy, ES systems are
deployed to operate the RMG system under the guidance of EMSs. This
paper studies a typical RES-supplied RMG with a HSS as presented in
Fig. 1. Considering the noise of wind turbines, a PV system is employed
here as the green energy generator. The HSS is composed of a Lithium-
ion battery for inter-day operation and an H2 ES unit for seasonal
energy shifting. The H2 ES unit contains an electrolyzer, a compressor,
a high-pressure H2 tank, and a proton exchange membrane (PEM) FC
system. Discharging of the H2 ES unit is realized by the FC which
consumes the liquid H2 in the tank to generate power for the RMG;
Charging of the H2 ES unit involves an electrolyzer and compressor.
The energy consumption of the compressor will be measured and
considered in the HEMS. The system’s topology and sizing are based
on the IoT laboratory of Aalborg University and the Green Village of
Delft University of Technology. The data acquisition system is realized
through the local IoT server which connects the smart meters and
sensors. The HEMS accesses the IoT cloud to grasp beneficial data for
the decision process and outputs the reference power of the H2 ES unit
and battery through RESTful API service.

The utility grid is connected to the AC bus directly to ensure the

power supply of the RMG. The PV system consistently operates at
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Table 1
Research scope of existing literature and the proposed approach.
Approaches ES type Constraints Uncertainty source EMS type

Electricity H2 Capacity Efficiency Weather Climate User Market Online Offline

[4,5,7,11,13] Y Y Y Y Y
[6,17] Y Y Y Y Y Y
[12,14,18] Y Y Y Y Y
[10,15] Y Y Y Y Y Y
[23] Y Y Y Y Y Y
[22] Y Y Y Y Y Y Y
[30] Y Y Y Y Y Y
[27,32] Y Y Y Y
[24,25] Y Y Y Y Y
[28,29] Y Y Y Y Y Y
Proposed Y Y Y Y Y Y Y Y Y
Fig. 1. Architecture of the proposed RMG and HEMS.

its maximum power point. To prioritize consumer comfort, various
appliances such as refrigerators, ovens, televisions, laptops, microwave
ovens, coffee machines, and cooking equipment are left unregulated.
Surplus power is redirected back to the grid and energy purchasing
happens when the local energy supply is lower than demand. The
electricity contract indicates a flexible price that is updated hourly by
the energy supplier.

The HEMS for this RMG is integrated with two distinct FL con-
trollers: FL controller1 manages the H2 ES unit, while FL controller2
oversees the battery. A LEEM is designed to generate the electricity
price expectation for the FL controllers. The HEMS is connected to the
IoT cloud through a wireless node, enabling real-time communication
with the devices within the RMG, including sampling data and sending
commands.

3. Proposed local energy estimation model in HEMS

The high proportion of RESs, especially solar and wind energy,
brings uncertainty and intermittence to the RMGs, presenting chal-
lenges to EMSs. In addition to the daily power fluctuations caused
by both loads and RESs, RMG EMSs must consider long-term changes
in renewable energy availability and fluctuations in electricity prices.
However, balancing a global perspective with sensitivity to short-term
dynamics can lead to conflicts in EMS design. To address this issue, the
LEEM is designed in this paper to establish the accumulated electricity
price expectation in separated sampling rates, providing distinct hori-
zons to ES units. The LEEM includes an external and an internal energy
estimation algorithm.
3

3.1. External energy estimation

The external energy estimation algorithm assesses the incoming
energy value of the ES units based on the real-time electricity price.
For the H2 ES unit, the energy trading between the RMG and utility
grid is considered since it works in a global view to detect excessive
renewable energy and cheap electricity, while on the battery view, the
internal trading among devices is the primary factor and the estimated
price is defined by the market. Hence, the estimation is formulated as
(1) shows.
{

𝑃𝑟𝐻2 = 𝜅𝐷𝜅𝑆
𝜂 𝑃𝑟,

𝑃 𝑟𝐵 = 𝑃𝑟.
(1)

in which, 𝑃𝑟 donated the energy value estimation; 𝑃𝑟 is the real-time
electricity price; 𝜅𝐷 and 𝜅𝑆 are the factors of power demand and state
of backup energy supply; 𝜂 represents the overall efficiency of energy
conversion. The superscript H2 means parameters for the H2 layer and
B represents the battery layer. For the H2 ES unit, the estimated price
is affected by not only the electricity price in the market but also the
supply–demand balance and electricity storage in the local system. The
over-supply and sufficient storage will lead to the drop of 𝑃𝑟, and vice
versa.

In the H2 layer, the LEEP updates the estimation with sampling time
𝜏1; In the battery layer, the sampling time of LEEP is 𝜏2. Hence, the
power demand for the two layers is calculated by,

⎧

⎪

⎨

⎪

⎩

𝑃𝐻2
𝑑 (𝑡) = 1

𝑛
∑𝑛−1

𝑖=0 (𝑃𝑙𝑜𝑎𝑑 (𝑡 − 𝑖𝜏2) − 𝑃𝑅𝐸𝑆 (𝑡 − 𝑖𝜏2)),
𝑃𝐵
𝑑 (𝑡) = 𝑃𝑙𝑜𝑎𝑑 (𝑡) − 𝑃𝑅𝐸𝑆 (𝑡) − 𝑃𝐻2(𝑡) + 𝑃𝑐𝑜𝑚,

𝑛 = 𝜏1∕𝜏2.
(2)

the 𝑃𝐻2
𝑑 (𝑡) represents the power demand for 𝜏1 layer while 𝑃𝐵

𝑑 (𝑡) for
𝜏2 layer; the 𝑃𝑙𝑜𝑎𝑑 (𝑡) is the real-time load power sampled by smart
meter; 𝑃𝑅𝐸𝑆 (𝑡) donates the PV power; 𝑃𝑐𝑜𝑚 is the power consumption
of the compressor which works together with the electrolyzer; 𝑃𝐻2 is
the output power of the H2 ES unit. The 𝜅𝐷 function for the H2 ES unit
is designed based on the 𝑃𝑑 .

𝜅𝐷(𝑡) = 1 + 𝑡𝑎𝑛ℎ(𝑃𝐻2
𝑑 (𝑡)), (3)

The 𝜅𝑆 involves the backup energy supply in the estimation, while
the battery is regarded as the backup storage of the H2 layer and the
battery operates without backups. The 𝜅𝑆 function is designed as,

𝜅𝑆 (𝑡) = 2(1 − 𝑆𝑜𝐶), (4)

in which, 𝑆𝑜𝐶 represents the battery state of charge (SoC).
The 𝜂 in (1) indicates the energy conversion efficiency of the H2 ES

unit. The energy loss of the electrolyzer, compressor, and FC is huge
compared with the battery. Hence, the energy loss of the battery is
neglected while the efficiency of the H2 layer is considered as,

𝜂 = 𝜂𝑒𝜂𝑐𝜂𝑓 , (5)

the 𝜂𝑒, 𝜂𝑐 , 𝜂𝑓 represents the efficiency of the electrolyzer, compressor,
and FC which is defined by the specific devices. In most cases, the 𝜂
𝑒
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is around 75%; If the H2 storage pressure is 30 MPa, 𝜂𝑐 will be around
70%; The PEM FC usually has a 50% efficiency on rated working
condition. The total 𝜂 will be around 25%.

3.2. Internal energy estimation

The internal energy estimation establishes the operating experience
of ES units according to the historical electricity trading information.
It is represented by a local energy worth function 𝜉 which records the
total value of the local energy. The energy value is defined by the
external energy estimation in the meantime.

During the charging process, the 𝜉 will track the 𝑃𝑟 and the 𝜉
component of the LEEM could be calculated by

⎧

⎪

⎨

⎪

⎩

𝜉𝐻2(𝑡 + 1) = 𝑆𝑜𝐹 (𝑡)𝜉𝐻2(𝑡)+𝛥𝑆𝑜𝐹 ⋅𝑃𝑟𝐻2

𝑆𝑜𝐹 (𝑡+1) ,

𝜉𝐵(𝑡 + 1) = 𝑆𝑜𝐶(𝑡)𝜉𝐵 (𝑡)+𝛥𝑆𝑜𝐶⋅𝑃𝑟𝐵

𝑆𝑜𝐶(𝑡+1) .
(6)

where the 𝛥𝑆𝑜𝐹 and 𝛥𝑆𝑜𝐶 represent the state change of the ES unit
during the time interval. The Eq. (6) could be simplified as

𝛥𝜉 =
𝛥𝑆(𝑃𝑟 − 𝜉(𝑡))

𝑆(𝑡 + 1)
, (7)

the 𝑆 means the state of ES units, SoC for the battery, and state of fuel
(SoF) for the H2 ES unit.

If the ES unit was discharging, the 𝜉 should remain constant and the
combined equation is formulated as

𝜉(𝑡 + 1) =
(𝑆(𝑡) + 𝛥𝑆) ⋅ 𝜉(𝑡)

𝑆(𝑡 + 1)
, (8)

and

𝛥𝜉 = 0, (9)

In summary the 𝜉 could be described by the combination of Eqs. (7)
and (9), as

𝜉(𝑡 + 1) = 𝜉(𝑡) + 𝛥𝜉, (10)

𝛥𝜉(𝑡) =

⎧

⎪

⎨

⎪

⎩

𝛥𝑆(𝑃𝑟 − 𝜉(𝑡))
𝑆(𝑡 + 1)

, 0 < 𝛥𝑆,

0, 𝛥𝑆 ≤ 0.
(11)

𝜉 is the primary component of the internal energy estimation, it
introduces the historical experience into the decision process. However,
to guide the operation of HSS, the RMG system status and the current
state of ES units should also be considered.

Supply–demand balance is an essential factor of the system estima-
tion. According to the fundamental market rules, oversupply leads to a
decrease in price while supply shortage results in a price rise. A supply–
demand balance evaluation marked as 𝐾𝐷 is introduced to describe the
status of the RMG system. 𝐾𝐷 works as a coefficient of 𝜉.

𝐾𝐷(𝑡) = 1 +
(

𝑃𝑑 (𝑡)
𝑀𝐴𝑋(|𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑅𝐸𝑆 |)

)2𝜎+1
, (12)

in which, 𝑀𝐴𝑋(|𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑅𝐸𝑆 |) represents the theoretical maximum
absolute value of supply–demand difference. 𝜎, which is an integer over
zero, adjusts the sensitivity of the function.

𝐾𝐷 is sensitive when the supply–demand difference is huge. The
LEEM output would be suppressed if the power supply is much higher
than the demand, and vice versa.

The state of ES units is an essential factor for future operation
margin. Since the proposed HEMS does not rely on forecasting, the
possibility for future operation must be reserved, which means the
state of ES units has to be maintained among an acceptable region, an
extreme state will limit the operation of the next step. Hence, the ES
state evaluation 𝐾𝑆 is introduced into the internal energy estimation.

𝐾𝑆 (𝑡) = 1 −
(

(𝑆(𝑡) − 0.5)
)2𝜐+1

, (13)
4

𝑀𝐴𝑋(|𝑆 − 0.5|)
Fig. 2. Internal connection of LEEM and FL controller with different operating
frequency.

where 𝑀𝐴𝑋(|𝑆 − 0.5|) means the maximum range of state oscillation
with a center at 0.5. 𝜐 is a integer over zero and defines the sensitivity
of 𝐾𝑆 .

𝐾𝑆 has little effect on the LEEM when the SoC or SoF is around
50%, but in an extreme state, the LEEM will be modified accordingly
to maintain the future operation margin.

In summary, the internal energy estimation is constructed with the
basic local energy worth function and two coefficients, 𝐾𝐷 for supply–
demand evaluation and 𝐾𝑆 for state evaluation, using optimal stopping
theory, as presented in (14).

𝐿𝐸𝐸𝑀(𝑡) = 1
𝜇

𝜇−1
∑

𝑖=0
(𝐾𝑆 (𝑡 − 𝑖𝜏2) ⋅𝐾𝐷(𝑡 − 𝑖𝜏2) ⋅ 𝜉(𝑡 − 𝑖𝜏2)), (14)

the sample size 𝜇 is defined by the energy dispatching period 𝑇 , as

𝜇 = 𝑇
𝜏2

, (15)

The 𝑇 here defines the horizons of the estimation model, for the
battery, it will be the length of a day while for the H2 ES unit, it should
be set to the length of a season.

Based on the LEEM, the overall architecture of the LEEM and
FL controllers is presented in Fig. 2. The FL controllers operate the
target devices in different frequency domains, The sampling system
updates the data every 5 s to ensure the accuracy of the controllers. FL
controller 1 operates the H2 ES every hour and FL controller 2 operates
the battery every minute, which means that FL controller 2 has 60
cycles to react according to the decision of FL controller 1. In this way,
the decoupling of decision-making is achieved. The cooperation of the
two FL controllers is realized in the design of FL. The data exchange
of the H2 ES and battery is marked red in the figure. In the decision-
making of each ES unit, the status of the other unit is considered. In FL
1, the SoC of the battery is considered to allocate the energy globally,
and in FL 2, the power of H2 ES, including the electrolyzer, fuel cell,
and compressor, is considered to achieve the local power balance.

4. Proposed frequency-decoupled FL controllers in HEMS

Online EMSs have developed fast in the past decades, including FL-
based EMS [15]. FL is one of the artificial intelligence control methods
to realize the nonlinear control logic of a multi-input multi-output
system through 3 steps: fuzzification, decision, and defuzzification. The
computation process is presented in Fig. 3, The input MFs transfer the
input signals into the membership degrees and logic. The degrees are
handled by the aggregation algorithm and the logic is judged in the
decision rules. The output of the controller is figured based on the
output degree function and degree using a specific defuzzification al-
gorithm [33]. In the proposed HEMS, the decision rules are formulated
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Fig. 3. Flow chart of the FL controllers.

Table 2
Working modes of the HSS.

H2 Battery

storage Charging Holding Discharging

charging M1 M1 M4
holding M1 M2 M3
discharging M4 M3 M3

into fuzzy logic. For each ES unit, three working statuses are provided
including charging, discharging, and holding. The detailed modes of the
HSS are listed in Table 2. When one of the ES units is charging while
the other is not discharging, the HSS is charging, marked as M1; If both
ES units hold, the HSS holds, marked as M2; When one of the ES units
is discharging while the other is not charging, the HSS is discharging,
marked as M3; M4 happens if the ES units are exchanging energy to
adjust their states. The decision process of the EMS is realized by two
parallel FL Controllers. FL Controller1, which operates the H2 ES unit,
decides in a global view to adjust the working mode of HSS according
to the system status and LEEM. FL Controller2, concentrating on the
detailed power balance in RMG, regulates the output power of the
battery to maximize profits.

4.1. Fuzzy logic-based controller1 for H2 ES unit

The H2 ES unit operation considers not only the seasonal renewable
energy and electricity price distribution but also the dynamic feature
of the electrolyzer and FC. For most PEM FC, if the system works on
a low electric power holding status, the efficiency will be low, and if
it is completely shut down, the restart requires a warm-up which takes
around thirty minutes. Hence, the operation of the H2 ES unit should
restrain the switching between charging, discharging, and holding. In
FL Controller1, the initial status of the H2 ES unit is introduced as
membership function (MFs) shown in Fig. 4(a) to prevent the status
changes from transient oscillation. MFs in Fig. 4(b) indicates the power
demand 𝑃𝐻2

𝑑 in the RMG system. In Fig. 4(c), the SoC of the battery
is introduced as a factor to decide whether it is urgent to switch the
H2 ES unit. To involve the energy market and operation experience,
LEEM output and electricity are compared in another MF group shown
in Fig. 4(d). In FL controller 1, the output power of H2 ES unit will
track the power demand and be suppressed by the initial state and
battery SoC. The price input only affects the charging state. Hence, the
MFs for power demand, initial power, and battery SoC are designed
as linear functions, and the MFs for LEEM are designed to modify the
logic judgment. The output MFs generate the reference power of the H2
5

Fig. 4. Input MFs of the FL Controller1.

Table 3
Decision rules of FL Controller1, the expression is simplified as over-supply (OS), short-
supply (SS), Balance (B), poor backup (PB), average backup (AB), sufficient backup
(SB), high price (HP), average price (AP), low price (LP).

Initial state Power
demand

battery
SoC

Market
price

Expected
modes

H2
storage

Charging OS / HP|AP M1 Charge
Charging SS SB HP|AP M1|M4 Charge
Charging SS AB HP|AP M2|M3 Hold
Charging SS PB HP|AP M3 Discharge
Discharging OS PB|AB HP|AP M1 Hold
Discharging OS SB HP|AP M1 Charge
Discharging SS PB|AB HP|AP M3|M4 Discharge
Discharging SS SB HP|AP M2|M3 Hold
Holding OS SB HP|AP M1 Charge
Holding OS PB|AB HP|AP M1 Hold
Holding B / HP|AP M2 Hold
Holding SS AB|SB HP|AP M3 Hold
Holding SS PB HP|AP M3|M4 Discharge
/ / / LP M1 Charge

ES unit, so a linear function is utilized here to ensure output accuracy.
The range of the input function which must cover all the system state
is defined by the size of the MG. The turning point of initial power
MFs and power demand MFs is defined by the operating range of the
ES units. In the HEMS, the range of the battery is (−2.5 kW, 2.5 kW),
the same as the H2 ES unit, and the total range of the ES system is
(−5 kW, 5 kW), which is enough for the size of the MG. The turning
point of SoC MFs affects the sensitivity of the H2 ES in the cooperation
with battery which is defined empirically. However, the performance in
the economic aspect is not influenced by the factor. The range of output
MFs is defined by the operating range of the ES unit, and the range of
‘‘Hold’’ is reserved for the holding state of the fuel cell or electrolyzer,
which is defined by the minimum work power of the devices.

The decision rules based on the MFs and operation modes are
presented in Table 3.

The decision process always encourages the H2 ES unit to keep its
original state. Based on the initial state, the decision rules identify if
it is urgent and worth switching the H2 storage regarding the power
demand. If the state of the H2 storage matches the power demand
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Fig. 5. Output MFs of the FL Controller1.

Fig. 6. Input MFs of the FL Controller2.

well, the state will be kept, else the decision rules could judge if it
is urgent according to battery SoC and if it is worth regarding the
electricity price. Only when it is critical and worthwhile, the state will
be switched.

To ensure that the H2 ES unit power tracks the power demand
well, the results of input MFs are multiplied, and the algebraic sum
is chosen as the aggregation method. The output power is calculated
through the defuzzification method using the smallest of maximum
(SOM), which selects the smallest value for which the output fuzzy set
is the maximum, based on the output MFs as shown in Fig. 5.

4.2. Fuzzy logic-based controller2 for battery

The battery is decoupled from the H2 ES unit by operating fre-
quency, working in a minute resolution. The FL Controller2 for battery
concentrates on tracking the energy demand in its time scale. The
power demand after the compensation by the H2 ES unit has to be
flattened by the battery, so the 𝑃𝐵

𝑑 is introduced as MFs as shown
in Fig. 6(a). Meanwhile, considering the energy efficiency of the bat-
tery, energy trading is feasible, so the electricity selling price 𝑃𝑟𝑆 is
introduced. The MFs for energy purchasing and selling are shown in
Figs. 6(b) and 6(c). In FL controller 2, the definition of the MFs is
similar to that for FL controller 1. The power demand MFs are designed
as a linear function, and the range and turning point are defined
according to system parameters and battery configuration. The price
MFs are designed like logic signals. The design of output MFs follows
the same rules as FL controller 1. The charging and discharging curve
turns flat at maximum charging and discharging power.

The decision rules of FL Controller2 are presented in Table 4. The
energy trading will be activated when the purchasing and the selling
price could make profits. If the output of 𝐿𝐸𝐸𝑀𝐵 stays between the
6

Table 4
Decision rules of FL Controller2, the expression is simplified as over-supply (OS),
short-supply (SS), high price (HP), average price (AP), low price (LP).

Power demand Purchasing Selling Battery

/ LP / Charge
/ / HP Discharge
OS HP|AP AP|LP Charge
SS HP|AP AP|LP Discharge

Fig. 7. Output MFs of the FL Controller2.

Table 5
Configuration of main devices in the RMG system.

Power configuration PV rated power (1000 W∕m2 , 25 ◦C ) 4 kW
battery maximum charging power 2.5 kW
battery maximum discharging power 2.5 kW
maximum electrolyzer input power 2.5 kW
maximum FC output power 5 kW

Storage configuration

battery capacity 5 kWh
battery maximum SoC 95%
battery minimum SoC 10%
H2 tank capacity (30 MPa) 5 kg

selling price and purchasing price, the FL Controller2 will operate the
battery according to power demand 𝑃𝐵

𝑑 , which considers not only the
power of FC and the electrolyzer but also the compressor. The battery
power is generated with output MFs presented in Fig. 7. To achieve a
good tracking performance to 𝑃𝐵

𝑑 , the minimum degree of input MFs
is selected, and the maximum algorithm is chosen as the aggregation
method. The defuzzification method is SOM.

The framework of the HEMS is constructed by the FL controllers
which are decoupled with each other. The HEMS operates the HSS
according to the decision made by the FL controllers with separated
horizons provided by the proposed LEEM. Not only the internal supply–
demand balance of the RMG but also the oscillation of the flexible
energy market is considered in the proposed HEMS to achieve the
economical and stable dispatch of ES units.

5. Numerical experiments

The performance of the proposed HEMS is verified in the RMG
platform mentioned in Section 2. The system configuration is listed in
Table 5. The characteristic of the H2 ES unit is shown in Fig. 8. The
energy conversion efficiency of the H2 ES unit system is around 45%,
which is marked as 𝜂𝑒𝜂𝑓 . The compressor pressurizes the H2 to 30 MPa,
which leads to 𝜂𝑐 reaching 70%.

To take the seasonal difference and computation efficiency into a
joint account, a 50-day time sequence data set including information
from 5 months is fed to the RMG system. The data set is combined
by five 10-day time series sampled in the IoT laboratory at Aalborg
University in May 2022, Aug 2022, Nov 2022, Feb 2023, and May
2023. The 𝑃𝑙𝑜𝑎𝑑 , 𝑃𝑅𝐸𝑆 , and 𝑃𝑟 time sequence are presented in Fig. 9,
together with the daily statistical information. According to the energy
contract, 𝑃𝑟𝑆 is 0, which means there will not be any refund if the
RMG feeds electricity back to the utility grid. The electricity price is
updated hourly while the power data is sampled every minute. The
detailed time sequence data is marked as the dark area in Fig. 9. The
box plot is deployed for the statistical analysis of the data. On each



Applied Energy 363 (2024) 123020J. Wu et al.
Fig. 8. Steady state characteristics of the electrolyzer and fuel cell.

Fig. 9. PV power, load power, and electricity price of the experiment scenario.

box, the central mark indicates the median, and the bottom and top
edges of the box indicate the 25𝑡ℎ and 75𝑡ℎ percentiles, respectively.
The whiskers extend to the most extreme data points, and the outliers
are plotted individually.

To verify the superiority of the proposed HEMS, comparison results
with the state-of-arts are implemented.

5.1. Performance analysis of the proposed HEMS

The HEMS operates the battery in minute resolution and the H2 ES
unit hourly. The main functions of the HEMS include 3 aspects: (1)
Store the exceeding renewable energy in the battery first and convert
the rest electricity to H2 and store it in the tank; (2) Detect the low
energy price region and purchase cheap electricity to charge the HSS;
(3) Support the loads when the renewable energy is insufficient and the
electricity price is not low enough.

The performance of HEMS on the first aspect is shown in Fig. 10.
The green zone donates 𝑃𝐻2, the orange zone represents battery power,
marked as 𝑃𝐵 , they are stacked in the figure, and the dotted line
shows the power demand which is calculated by 𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑅𝐸𝑆 . The
grid power is marked as the black curve, and the electricity price is
marked as the purple line. The figure below shows the SoC and SoF
change during the period. In each case, 3-day results are studied, and
the days are distinguished by the background color. The priority of
the ES units during the charging process is clear in Fig. 10. When the
renewable exceeds the loads, the battery will be charged first and the
Electrolyzer will be activated after the SoC reaches a high level. In this
case, according to the grid power curve, the energy purchasing from
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the utility grid is suppressed, and the system mainly works in a self-
sufficient mode. During the charging of the H2 ES unit, the battery
absorbs the oscillation caused by RES and load power to prevent energy
purchasing from the utility grid. At night, when the RES power is less
than the loads, the energy in the battery will be consumed first due to
its high conversion efficiency, after the SoC decreases to a low level, the
FC works to support the primary loads and the battery takes charge of
dynamic power balance. Besides, the battery allocates the energy not
only according to the RES power supply but also the electricity price.
When the electricity price comes to a local minimum value, the battery
will charge and shift the cheap energy to the high price duration. The
H2 ES unit only switches one time per day according to the 𝑃𝐻2 curve
and from the SoC curve, it is easy to find that the battery also works
smoothly.

The performance of the proposed HEMS on the second aspect is
shown in Fig. 11. When the time came to November 2022, the elec-
tricity price dropped rapidly compared with that in August. The power
purchasing from the utility grid is significantly encouraged when the
electricity price drops. In low-price regions, the state of ES units will
affect power purchasing. The slightly low price is first detected by
the FL controller2, and when the price drops to a very low level,
the electrolyzer is activated with maximum power to charge the H2
ES unit, when the price goes up again, the charging power decreases
accordingly. Until the electricity price drops again, the H2 ES unit
charges with maximum power. During the low-price region, the loads
will be supported by the utility grid if renewable energy is scant.

The roof-top PV system cannot generate much power during winter
due to the limited solar irradiation and daytime, making the function
of HEMS on the third aspect necessary. Hence the HEMS will dispatch
the energy in HSS to support the loads as shown in Fig. 12. When the
electricity price is partially low, the battery will be used to shift the
cheap energy to the high-price duration. The FC will be activated when
the SoC is too low to support the loads and the electricity price is not
beneficial. The energy purchasing in this case is intelligently defined by
the HEMS. From the grid power and electricity price, it can be found
that the power purchasing happened after the peak price or in the
valley due to the intelligent decision-making of the proposed HEMS.

The energy shifting among seasons depends on not only the produc-
tion of renewable energy but also the overall trend of the electricity
market. The distribution of daily power purchasing is presented as box
charts in Fig. 13. The dark area represents the daily average electricity
price; The red curve below indicates the SoF trend. It is easy to find
that the maximum energy purchasing event and the charge of the H2
ES unit happen during the global minimum price period. When the
electricity price is high, the RMG system works in a self-sufficient mode,
the energy exchanged with the utility grid is greatly restrained. The
exceeding renewable energy is stored in the HSS and shifted to the
low RES power period. The proposed HEMS quantifies the concept
of whether the current electricity is cheap or expensive for battery
charging and H2 ES unit charging, respectively, making the decision
process more intelligent.

5.2. Comparison with state-of-art methods on energy expense

To validate the superiority of the proposed HEMS, some baselines
are implemented in the RMG platform. the energy cost is calculated by,

𝐶𝑜𝑠𝑡 = ∫ 𝑃𝐺𝑟𝑖𝑑 ⋅ 𝑃𝑟𝑑𝑡 (16)

The seasonal cost intercepts the expenses of the durations. Consider-
ing the feasibility of different methods, the ES system structures are
modified accordingly. For single battery, an FL-based EMS, and a PSO-
based day-ahead schedule method are implemented. A rule-based EMS
is designed for the HSS same as the proposed HEMS.

The FL-based EMS operates the battery every minute with a decision
process that considers the electricity price, SoC, and power demand.
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Fig. 10. Performance of HEMS when the renewable is sufficient but the electricity price is high.
Fig. 11. Performance of HEMS when the low electricity price detected.

Fig. 12. Performance of HEMS on energy shortage condition.

Fig. 13. Daily power purchasing on a global view.
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Fig. 14. Comparison between the proposed HEMS and existing methods in an economic
manner.

When the SoC is not low, the EMS will operate the battery to track the
power demand; If the electricity decreases or the SoC drops to a low
level, the battery will be charged.

The PSO-based EMS schedules the hourly operation of the battery
for the coming day. At the end of each day, the PSO algorithm will be
activated to generate 24 operation points for the next day based on the
24-step-ahead prediction of RES power, load, and electricity price. In
the baseline, the accurate data is fed to the algorithm to achieve the
theoretical optimal results. However, the result is nonexistent in the
real world since even if the price data could be provided by the energy
supplier, the 24-step-ahead forecasting with 100% accuracy of RES and
load power is still unavailable.

The rule-based EMS operates the HSS according to a preset priority.
The capacity of the battery will be dispatched first to store excessive
energy from RES and support the loads. The H2 ES unit is excited
when the battery is fully charged or discharged. Considering the restart
process, the operation of the H2 ES unit is on hour resolution while the
battery can be operated every minute.

The energy cost for each season is presented in Fig. 14, and the
consumption data is listed in Table 6.

The electricity price is presented in Fig. 9, indicating that the
highest price among the 5 seasons happens in Aug 2022 while the
lowest happens in Nov 2022. Fig. 14 shows that the proposed HEMS
significantly decreases the economic cost during high energy price
periods compared with other methods, besides, when the price is low,
the electricity purchasing from the utility grid will be encouraged by
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Table 6
Seasonal energy cost (e) comparison between the proposed HEMS and existing methods

Season Battery HSS

FL PSO Rule-based HEMS

May 2022 40.21 28.18 29.60 31.02
Aug 2022 83.40 66.83 68.23 57.86
Nov 2022 20.93 21.90 23.68 31.96
Feb 2023 48.53 44.29 46.52 30.31
May 2023 14.76 14.47 14.96 13.90
Total 207.87 175.68 183.03 164.89

the HEMS. Benefiting from the encouraged charging event in Nov 2022,
the electricity cost of the next season when the price rises again is
reduced.

In summary, the proposed HEMS outperforms the existing methods
from a global view. The total economic cost of the RMG is decreased
by the online control of HEMS. Compared with rule-based EMS, which
is always implemented as the basic control method for ES systems, a
9% improvement is achieved. The decision process of the HEMS also
overcomes the side effect of low energy conversion efficiency of the
H2 ES unit, obtaining a 21% cost saving compared with the common
single battery-based RMG, and even better than the theoretical optimal
result in this case.

6. Conclusion

This paper proposed an HEMS for HSS, including a battery and an
H2 ES unit, in a RES-integrated RMG to decrease the economic cost. The
advantages of H2 storage, high energy density, and low storage loss,
are utilized to realize the long-term energy-shifting while the economic
loss caused by its shortcoming of low energy conversion efficiency is
addressed by the proposed HEMS. The main works are summarized in
three aspects.

1. The electricity price expectation is quantified through the pro-
posed LEEM, enabling intelligent decision-making for HSS opera-
tion. The LEEM performs an accumulated evaluation for the HSS
and establishes distinct horizons for the H2 ES unit and battery.
It combines historical charge and discharge events, electricity
prices, and supply–demand balance for real-time evaluation. The
LEEM is underpinned by robust mathematical principles and
operates independently of empirical parameters.

2. A hierarchical EMS structure is proposed in which decoupled
FL controllers are designed for the battery and H2 ES unit
separately to avoid the system oscillation caused by decision-
making conflicts. The ES units cooperate to maintain the internal
energy balance in the RMG, each with its own distinct objectives
and time horizons. The H2 ES unit is responsible for long-term
energy shifting, while the battery manages short-term power
balance. Additionally, the energy conversion efficiency is consid-
ered for the H2 ES unit in the FL Controller design, addressing
the unexpected loss from the H2 ES unit operation.

3. The intact validation is conducted with high-resolution real-
world data. The proposed HEMS overcomes the influence of
uncertainty from the RES and demand side without using predic-
tion methods. The results indicate that the HEMS is intelligent
enough to detect renewable energy and assess the electricity
price for charging event decisions of the battery and the H2 ES
unit with different standards. Compared to existing rule-based
EMS and single battery-based EMS, the proposed HEMS reduces
the overall energy cost by 9% and 21%, respectively.

However, potential limitations of the proposed approach, identified
ased on both theoretical foundations and practical implementation,
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ill be addressed in future research endeavors.
1. The proposed EMS approach works as a central controller, re-
quiring real-time data from the devices in the Microgrid system.
Considering the distribution and size of the Microgrid system,
stable wireless communication is necessary to implement the
approach in real-world applications.

2. The design of the HEMS highly relies on the artificial experience,
and the difficulty increases if more ES units are involved. Hence,
deeper AI approaches are expected to be introduced to address
to problem.

3. The proposed HEMS is an experience-based approach, indepen-
dent from the forecasting methods, avoiding the influence of
inaccurate prediction results. However, the lack of foresight
leads to the HEMS missing optimal operations in some spe-
cific situations. For example, the HEMS may not consistently
guarantee power purchases happen in the valley of electricity
prices.
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