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ABSTRACT

Article history:

Most large and controlled buildings require high power demand with long period.
However, there are restrictions on building facilities and image when it comes to reducing
electricity consumption. Another option is to install a roof-top solar power system, though
due to the small installation area, it will only partially reduce energy use. Hybrid energy
storage systems in combination with AGM batteries and LFP batteries are now offered as
a lower cost energy management solution. AGM batteries are constrained in their ability
to produce current, hence a larger current supply will reduce the battery's useable
capacity. Therefore, in order to respond to high demand with long period, this research
proposed a separate multi-level threshold control of the battery packs, and used the
control factor in the form of current ratio to divide the load response for each battery
type: On-Peak in AGM: LFP at 0.7:0.3, Off-Peak in AGM : LFP at 0.5 : 0.5. And when one
battery was not ready for use, the other battery would be run at full capacity. The results
showed that the AGM battery had a peak discharge current of 12.7A, or approximately
0.5C when coupled with an LFP battery, and when processing power storage system
capacity, a loss of 8.99 kWh occurred. or 6.8% of the overall capacity.

Received 20 March 2022
Received in revised form 24 June 2022
Accepted 7 July 2022
Available online 1 August 2022

Keywords:
Hybrid energy storage system; high
demand; peak shaving; multi-level
threshold

1. Introduction
“Energy” is one of the main economic drivers since it is the main cost and affects industrial
expansion, and energy and access to energy are considered factors that contribute to the better
quality of life of the population. Moreover, with the increasing demand for energy, “electricity” is a
type of energy that is crucial to our daily lives. Long-range scenarios on energy have been established
in many countries, focusing on a higher ratio of renewable energy, such as Maximum Renewable
Energy Scenario (MRES), 50% renewable share by 2050 Scenario (50-50 Scenario), and Optimistic
Energy Scenario (OES), compared to Business-as-usual (BAU), or a situation where there is no
significant change in energy patterns and activities [1] with the aforementioned awakenings and
rising energy costs, large public and private buildings have installed rooftop solar panels to reduce
their energy usage, and their use has started to spread into the residential sector. This approach is
*
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one of the fundamental concepts of green building focusing on reducing energy consumption and
being more energy efficient [2]. However, most of the installed rooftop photovoltaic systems are
aimed solely at reducing electricity consumption without focusing on efficient energy management.
This may partly be due to the high cost of energy storage systems and the need for specialized
knowledge for setup and maintenance. One of the main reasons is that the limited installation space
for solar panels means that it does not produce enough electricity to meet demand and that it needs
to be powered from the grid instead of charging batteries for use in the absence of solar power.
These issues have resulted in EGAT being unable to reduce power generation despite the increasing
number of buildings installed with rooftop solar panels.
Due to this challenge, the cost of energy storage systems must be taken into consideration when
making decisions about the launch of new projects. This is consistent with the wide range of projects
in the group that developing countries are facing, making some projects unable to start [3]. Highefficiency storage systems, such as lithium batteries, have a much higher cost than lead-acid
batteries. For reasons of material cost and technology cost, if a low initial cost energy storage system
[4-6] can be chosen, such as a hybrid energy storage system consisting of Lithium iron phosphate
(LFP) batteries and Absorbent Glass Mat (AGM), it will bring significant overall energy benefits.
However, one of the disadvantages of lead-acid batteries is that they are affected by high-current
applications, leading to a significant reduction in their capacity, thus affecting the application and
design of the energy storage system size. However, the control by limiting the current supply range
is not fully possible, as this will cause the energy storage system to not function at full efficiency. As
a result, for hybrid energy storage systems, lithium batteries with higher current efficiency serve to
provide compensation for the efficient operation of the energy storage system.
When reconsidering the main problem of this research, the use of energy storage systems to
respond to the electrical load of large and controlled buildings, many of which have high demand
with long period, estimation of the storage capacity of the energy storage system and the distribution
of electricity in response to the load are therefore very important especially in such buildings where
rooftop solar power generation systems are installed with limited space and can reduce some energy
consumption, but not enough to meet the demand. Hence, energy management in the form of Load
Leveling [7,8], that is to say, taking advantage of the difference in power costs in the On-Peak and
Off-Peak periods and reducing the peak power demand is essential to manage power across large
loads and over long periods of time, which for hybrid energy storage systems, the operating capacity
must be taken into account during response to different current demands.
Thus, this research aims to study the interaction of LFP batteries and AGM batteries with a total
capacity of 130 kWh, installed in experimental buildings using grid power and solar power generation
system with an installed capacity of 50 kW. The hybrid energy storage system will be put to the test
for its responsiveness to reduce the peak power demand of large buildings with long usage periods
by using a multi-threshold method to study the impact that can be applied in the future.
2. Research Background and Experimental Setup
Energy storage system is a key instrument for effective energy management, with the most
popular application being inevitably the reduction of peak power cost, which has outstanding
economic results and is an ongoing research issue. For example, Davis and Hiralal developed a smart
home control system that backed up electricity during low demand periods when electricity cos was
low and restored electricity for use when power demand was high. This resulted in reduction of costs
and a cost-effectiveness in terms of economics [9]. Mishra et al., designed and developed a feedback
control system and implemented it to reduce peak power demand by up to 18% with system stability
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improvement [10]. In addition, Son and Song had developed further by connecting the backup power
system to renewable energy sources and using a fuzzy logic control system to control the
compression and discharge of the power backup system. They predicted the real-time cost of
electricity that could be generated from wind power, combined with the energy stored in batteries
to supply it to the grid to reduce peak demand. It was found that the high demand for electricity was
reduced and the peak demand period could be postponed [11]. Uddin et al., [12] researched ways to
reduce peak power using cumulative and load management systems. It was found that different
types and sizes of energy storage systems and load management had an effect on reducing the
maximum power cost. In addition, Oudalov et al., [13] researched to determine the optimal sizing
and management of battery energy storage (BESS) systems to reduce peak power. It was found that
the suitable size of the battery to store energy depended on the maximum power cost that needs to
be reduced. And in implementing an energy storage battery system, the resulting savings would be
depended on the power demand and battery life, in which when a 250 kWh lead-acid battery was
applied to a simulated load in an industrial plant, energy costs were reduced by 4%. Telaretti and
Dusonchet [14] have introduced a Battery Energy Storage System (BESS), where the system was
charged at night with low electricity costs and used during the day when electricity costs are high.
This would reduce the peak power cost that occurred during the day. In addition, energy storage
systems are used to reduce high power demands. For example, a case study of the use of an energy
storage system with an EV Quick Charge system for residential homes where pre-scheduling can be
used to divide the power draw from the grid [15].
However, the energy storage system will only function at its best when it is properly sized for the
use of electricity. Larger buildings consume more electricity and require larger energy storage
systems. However, investments in lithium energy storage systems are costly. From an economic point
of view, the long payback period means it is necessary to slow down investments and prevent the
technology from being fully utilized. However, because the hybrid electric power storage system for
solar power generation system is a collaboration between the lithium-ion combined with lead-acid
to bring out the advantages of both types of energy storage systems by using a control system, which
reduces the cost of using lithium-ion batteries alone; In addition, when starting a project on a large
system, the cost can be reduced compared to per unit in a smaller system. But initially it can be said
that lead-acid batteries have limitations in their applications in the form of energy storage systems
in response to applications in supporting load changes and maintaining a lower voltage of the solar
power generation system than the lithium ones. Consequently, considering the limitations can make
overall battery management more efficient. Managing a longer battery life is an extremely important
part of the energy storage system where different types of batteries are used as the life of each
battery type affects overall system performance as well as end-of-life replacement and maintenance.
In terms of battery life, the AGM has 2000 charge cycles at 80% discharge depth and the LFP battery
has 3,000 charge cycles at 80% discharge depth and up to 3,000 charge cycles at 80% discharge depth
and 2000 charge cycles at 100% discharge depth. The two selected batteries have a discharge rate of
80% for AGM batteries and 100% for LFP batteries, respectively, without much difference [5, 16].
There have been researches that use a hybrid energy storage system between lead-acid batteries
and lithium-ion batteries with a focus on reducing project initial costs. For example, Arita et al.,
designed a hybrid energy storage system from lead-acid and lithium-ion batteries by using a control
system in order to respond to changes in electric power demand and reduce the volatility of the wind
power generation system which can reduce the cost of the energy storage system by up to 40% [4].
For areas that are far from transmission lines or where the power grid is unstable, energy storage
systems can play a role in reducing power uncertainty by reducing the use of gasoline-powered
generators, or, for example, in a healthcare facility in Africa, a hybrid electric energy storage system,
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consisting of lithium-ion and lead-acid batteries, along with a solar power generation system, is used
as an additional power source. Rahe found that the experimental-designed model found that hybrid
energy storage systems would have a longer lifespan and lower cost [17]. However, lead-acid
batteries have limitations in their ability to supply current. At higher currents, the usable capacity of
the battery will be lower due to limitations in the electrolyte movement [18]. This makes the Peukert
Constant for lead-acid batteries higher than lithium batteries [19] and affect the use and design of
the energy storage system size, as well as the command set to control the operation. Therefore,
considering the efficiency of a hybrid energy storage system working in conjunction with a lead-acid
battery and a lithium-ion battery in terms of working capacity is a priority to assess the potential of
the system. According to research by Somchai, it was found that the optimal ratio of AGM:LFP is
70 :30, which when increasing the ratio of LFP batteries, although they provided higher efficiency,
but the cost was much higher [5].
As mentioned above, hybrid energy storage systems that work together between LFP batteries
and AGM batteries all require a suitable control system to meet power demands and reduce the
impact on lifespan of the energy storage system itself. In this research, the focus was on the response
of hybrid energy storage systems to the system's response to reduce the peak power demands in
large buildings and for longer period by working with the solar power generation system installed on
the roof which was smaller than the overall requirements of the experimental building which can be
shown in Figure 1 (above). It can be seen that most of the building's electricity demand was on-peak
and solar energy would only partially reduce the energy consumption. Figure 1 (bottom) shows the
differential power that still required from the grid and the Threshold (N) line to contrast and control
the energy storage system to discharge into the building. The shaded area represents the power to
be supplied from the energy storage system, which can be shown in Eq. (1).

Fig. 1. The building's power demand data relative to the power
generated by the solar panels
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𝐸𝑠ℎ = ∑𝐻
ℎ=𝐻0 (𝑃𝑙,ℎ − 𝑃𝑃𝑉,ℎ − 𝑁)

(1)

where 𝐸𝑠ℎ is Energy of Load needed to shaved (kWh), 𝑃𝑙,ℎ is Power of load at hour h (kW), 𝑃𝑃𝑉,ℎ is
Power of PV system at hour h (kW), 𝐻 is the number of hours𝑁 is the threshold level (kW).
From the equation it can be seen that Threshold is the primary control for peak shaving. In this
section, the capacity of the energy storage system and the amount of current must be taken into
account. However, with the concept of Load Leveling power management, it was still difficult to
adjust the load to achieve the same level of grid power demand because the energy storage system
must be designed to be large enough to compensate for the uncertainty of the electric power
produced by the solar panels that may be affected by the weather and environmental conditions.
Therefore, in this study, a hybrid energy storage system was designed to work in conjunction with an
LFP battery and AGM battery with a total capacity of 130 kWh, controlled using a multi-step threshold
method to respond to time and conditions for the electrical power demands of the buildings.
3. Experimental Setup
The system used in the study consisted of an Absorbent Glass Material (AGM) and a lithium-ion
phosphate (LFP) battery with a total capacity of 130 kWh, combined with a 50 kW solar power system
to respond to energy use of a building with a continuous high energy consumption pattern. Both
types of batteries were designed to operate independently of each other to respond to loads at an
appropriate current rating, with the Energy Management System acting as the primary control
system for energy management. The system diagram can be shown as shown in Figure 2.

Fig. 2. Diagram showing the overall system

3.1 Hybrid Energy Storage
For the hybrid energy storage system, an 80 kWh Absorbent Glass Material (AGM) and a 50 kWh
Li-ion Phosphate (LFP) battery were chosen, or AGM to LFP battery ratio at 61.5:38.5, which in
response to the load at higher current demands, each type of battery had a different reduced
capacity as shown in Table 1. Therefore, current limiting is one solution to achieve the maximum
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efficiency of the energy storage system. However, when responding to loads at high current levels,
the control system would prioritize supplying current to the higher potential LFP batteries.
Table 1
The characteristics of each type of battery in response to a current supply
Battery Characteristic
Nominal Discharge C Rate (max)
Battery Module Capacity
Available Module Capacity @ max C rate
Battery System Capacity
Available System Capacity @ max C rate

AGM
0.1 (0.8)
1,200 Wh
628.26 Wh
81.6 kWh
42.72 kWh

LFP
0.5 (3)
10,000 Wh
8,000 Wh
50 kWh
40 kWh

3.2 Building Load
In this hybrid energy storage system study, the focus was on operating in response to the high
power demands and long spans that were one of the limitations of energy storage systems, which
included lead-acid batteries as a component. The building being experimented was an office building
with a 50 kW solar power generation system. In this regard, the data of the power demand on a
working day has been recorded by selecting the date of overtime (OT) operation as shown in Figure
3. Each point represented the measured data and the red line graph was the average of the data set
for the period February-March 2022. The same as Figure 4 showing the energy produced from the
solar power generation system on that day. Each point was the data that can be measured and the
red line graph was the mean of the data set.
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Fig. 3. Power demand data on working days by selecting the days of overtime (OT) operations
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Fig. 4. Power generated from the solar power generation system on the same day in Figure 2

From Figure 3, it can be seen that the building used relatively stable energy consumption. This
may partly be due to the fact that electrical appliances are in routine use, and during the same month,
the large temperature changes resulted in the air conditioner still operating and using a similar level
of energy. As with research by Hwang et al., [20], stating that outdoor temperatures significantly
affected a building's energy use. But for the solar power generation system, the fluctuation was
evident. This fluctuation would affect the actual power demand of the building (𝑃𝑙,ℎ − 𝑃𝑃𝑉,ℎ ) and the
operation of the energy storage system.
3.3 Energy Management System
In the control system, the time interval was mainly used to determine the operation of the energy
storage system, with an on peak operating time of 13 hours (9:00 AM - 10:00 PM.) and the off-peak
period was a period outside of that period. However, since the power demand data for the
experimented towers varied with low power requirements, the operating intervals can be
determined as shown in Table 2, and set the work to divide the current into a ratio form to reduce
the discharge load of the AGM battery, which affected the working capacity. When one type of
battery was in idle condition or had an SoC that was lower than its operating range, the other type
would operate to provide full current.
In the Threshold configuration section, the building's power demand and power demand data
from the rooftop solar power generation system is imported to assess the actual building's power
demand and the energy storage system's usable capacity using the calculation as in Eq. (1) and
estimating the Off-Peak period to determine the Threshold to charge back into the storage system
to 25kW for AGM batteries and 20kW for LFP batteries by setting the Threshold to the AGM o be
higher because the overall capacity of the system had a higher ratio of the AGM, which should be
provided in a standby state before the next phase of operation.
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Table 2
Operating Conditions of the energy storage system
Condition
Threshold > Demand
Demand > Threshold
Working SoC
On-peak Threshold
Off-Peak Threshold
- Load Response
- On-Peak
- Off-Peak
- LFP Low SoC
- AGM Low SoC

AGM
Charge
Discharge
20% - 95%
40 kW
25 kW

LFP

0.7
0.5
1
0

0.3
0.5
0
1

10% - 95%
40 kW
20 kW

4. Experimental Results
To test the operation of the energy storage system inside the experimented building, the initial
capacity of both batteries was set to 20% by measuring the power required by the building after
compensation for the power generated by the building’s solar power generation system, power
drawn from the grid, and input and output power for each type of battery, as shown in Figure 5. The
AGM and LFP battery performance curves are shown by orange and gray graphs respectively. When
the graph shows negative, it means the battery is discharged to peak shaving, and when the off-peak
period is reached, each battery starts charging again, which State of Charge of each type of battery
is shown per time period and compared to the building's net power demand (Secondary Vertical Axis)
as shown in Figure 6. This represents a rapid decline in AGM battery levels between 15:00 and 17:00
and between 18:00 and 20:00 due to high current discharge levels.
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Fig. 5. System response when high and continuous power demand
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Fig. 6. Capacity level of the energy storage system throughout the power
factor operation

When considering the current ratio for load response, the AGM battery had a maximum discharge
current rating of 12.7A, or approximately 0.5C, when coupled with an LFP battery. The test showed
that the capacity of the AGM battery was reduced until it stopped supplying current (below 20% SoC),
causing the LFP battery to charge at full current instead, with a maximum current rating of 10.9 A, or
about 0.1C. When performing processing capacity of the energy storage system, a loss of 8.99 kWh
was found and if the LFP battery malfunctions, the AGM battery must be running at full capacity at a
maximum current of 18.18 A or approximately 0.7C, resulting in a considerable impact on capacity
based on the data in Table 1 (maximum 0.8C remaining capacity 42.72 kWh).
5. Conclusion
An 80 kWh AGM battery and a 50 kWh LFP battery were chosen for the hybrid energy storage
system in this study, resulting in an AGM battery to LFP ratio of 61.5:38.5. The control scheme was
studied in response to high demand with long period, therefore, this research presented a multi-level
threshold control that separated the operation of the battery pack independently with the control
factor in the form of a current ratio to divide the load response for each type of battery: On-Peak in
AGM : LFP at 0.7 : 0.3, Off-Peak in AGM : LFP at 0.5 : 0.5 and when one battery was not ready for use,
the other battery would run at full capacity, which resulted in an thresholds adjustment to provide a
more flexible and independent hybrid power storage response. This is good for working operation
when a particular system is unavailable or needs maintenance. The added distribution of current
ratios in respect of each battery's operation allowed the storage system to maintain its current
potential in response to the load by reducing the impact of capacity due to the discharge rate in leadacid batteries and losing only 8.99 kWh of capacity throughout the day, or 6.8% of overall capacity.
However, if this hybrid energy storage system lost the LFP battery's functionality, the AGM battery
would have to run at full capacity with maximum current of 18.18 A or about 0.7C, which had a large
impact on the capacity.
When conducting an initial economic evaluation, it was found that each day (Considering only the
days of overtime work) with a Time of Use Tariff (TOU) charge based on the Provincial Electricity
Authority (PEA) rates, the difference between on peak and off peak power was approximately 1.5
baht per kWh [21], enabling peak shaving energy management services with hybrid energy storage
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systems to save an average of 164 baht/day without calculating the reduction of demand charge each
month.
However, this research illustrates a time-based control model with reference to the On-Peak and
Off-Peak intervals. The Load Forecast system is crucial to responding successfully to high, long-period
loads so that it can be expanded into various building types with erratic daily power demands.
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