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Base station microgrid energy management in 5G
networks - a brief review

Yingqi Zhu', Kang Li', Li Zhang'

!'School of Electronic and Electrical Engineering, University of Leeds, Leeds, LS2 9JT, UK

Abstract. The number of 5G base stations (BSs) constructions has soared in re-
cent years due to the exponential growth in demand for high data rate mobile
communication traffic from various intelligent terminals. The 5G BSs powered
by microgrids with energy storage and renewable generation can significantly
reduce the carbon emissions and operational costs. The base station microgrid
energy management system (BSMGEMYS) is crucial to unleash these potentials.
This paper presents a brief review of BSMGEMS. The work begins by outlining
the components and energy consumptions of 5G BSs, introducing the configura-
tion and components of base station microgrids (BSMGs), as well as categorizing
the energy management systems (EMSs) and communication network topology.
Subsequently, the dispatch optimization strategy and energy trading models are
reviewed. The paper finishes with a few suggestions for future research.

Keywords: 5G base stations, energy management systems, energy consump-
tion, scheduling optimization, energy trading.

1 Introduction

The exponential growth of mobile data traffic in a new era of Internet of Things (IoT)
has shaped the mass roll-out of the fifth generation (5G) communication technology.
At the end of 2023, the global deployment of 5G base stations (BSs) has reached 5.172
million, with China contributing 3.377 million to this total, as reported by the telecom-
munication development industry alliance (TDIA). The growth is anticipated to con-
tinue and the total number of 5G BSs is predicted to rise by 15% in 2025 [1]. The
communication networks are energy intensive systems. For example, in 2022, telecom-
munication networks used 25-30 TWh of electricity in Europe [2]. In cellular network,
the BSs consume around 60-80% of the total energy, and even in low traffic period, the
BSs consume 90% of their peak energy [3]. Therefore, there is a growing interest to
equip BSs with local renewable generators and energy storage (ES) to reduce the carbon
footprint and improve energy efficiency, forming a variety of base station microgrids
(BSMGs) [4]. However, the energy management systems (EMSs) for 5G BSs have not
yet paced with this latest development, and are currently running sub-optimally, facing
pressing challenges to integrate energy consumption prediction, scheduling optimiza-
tion, and energy trading within an integrated framework.

The 5G network is featured with multi-device connectivity, high transmission rates,
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low end-to-end latency, and high reliability, to meet these requirements. The density of
5G BSs deployment has significantly increased, and the spacing between adjacent BSs
has been reduced from the kilometer scale typical of fourth-generation (4G) networks
to just hundreds of meters in the 5G era. 5G BSs necessitate greater bandwidth and
massive array antennas, resulting in the increase of energy consumption of the 5G net-
work to approximately 2 to 3 times higher than that of the 4G network [5]. The promo-
tion and development of 5G networks greatly depend on the study of the dynamic spa-
tiotemporal distribution of communication loads and energy-saving techniques to guar-
antee the service quality for the communication loads. Kim et al. proposed an energy-
efficient multi-level sleep mode control for periodic transmission (MSC-PUT) in pri-
vate 5G networks to improve the energy efficiency of BSs [6]. In an effort to achieve
an energy-conserving radio access network (RAN), Shen et al. developed a dynamic
on-off switching paradigm, where the on and off states of 5G BSs, gNBs can be dy-
namically configured according to the evolvements of the associated users [7]. These
efforts primarily focus on the state control of BSs with the aim to reduce the energy
consumption under different traffic load conditions, yet they also entail potential risks,
such as compromised communication service quality for operators and poor user expe-
rience.

Efficient utilization and intelligent dispatch of ES resources at 5G BSs are crucial
for improving energy efficiency, enhancing grid reliability and stability, and facilitating
the integration of renewable energy sources (RES). It is shown that when the 5G BS
utilizes a dual power supply mode, combining mains electricity and ES backup, the
power supply reliability can reach as high as 99%. While the reliability of the BS supply
has improved with the energy storage backup, these base station energy storage (BSES)
systems often remain dormant for a long period of time, leading to significant wastage
of ES resources. Wang et al. introduced Theil’s entropy and modified Gini coefficient
to quantify the impact of power supply reliability in different regions on BS backup
time, thereby establishing a more accurate BS backup ES capacity model [8]. Bao et al.
proposed an interesting strategy to safely incorporate gNBs and their ES system into
the secondary frequency control procedure to improve power system frequency perfor-
mance [9]. It is an interesting research topic to aggregate dispersed 5SG BSES backup
resources and integrate them into the power auxiliary service market in a timely manner
to provide frequency modulation and peak shaving services for the power grid, thereby
reducing the costs of communication operators. However, it is not an easy task, de-
manding a comprehensive framework to take into account the load situation, energy
consumption and backup ES time to explore the full potential of 5G BSs with energy
storage and local renewable energies in providing such services while meeting the qual-
ity of services for communication network customers.

Energy trading between SG BSMGs is another important mechanism to improve the
flexibility of the power grid and reduce the carbon emissions of the BSs. A BSMG is
an energy-sharing network that combines RES, ES, and various types of BS loads. Yan
et al. proposed an energy trading method based on software-defined networking (SDN)
and a nonlinear tangent perturbation—multi agent proximal policy optimization (NTP-
MAPPO) algorithm to improve the efficiency and renewable energy utilization rate of
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BSMGs [10]. Zhou et al. introduced the concept of spatial-temporal energy manage-
ment (ST-EM) framework, where BSs autonomously manage their electricity con-
sumption based on real-time electricity prices. They also adjust user associations and
modify their energy consumption in response to varying electricity prices across differ-
ent BSs, aiming to minimize the operating costs [11]. Most existing researches focus
more on optimizing energy trading for a single 5G BS, efforts on energy trading and
distribution among multiple 5G BSMGs are still limited.

This paper presents a brief review of the latest development of BSMGs from four
aspects: architecture, energy consumption prediction model, dispatch strategy and en-
ergy trading. The main contributions of the paper include: 1) The 5G network topology
and energy consumption components are analyzed in depth. 2) The architecture, EMSs
and communication network of BSMGs are summarized. 3) The scheduling optimiza-
tion and ES configuration of the BSMGs are discussed. 4) Various types of energy
trading strategies of BSMGs are elaborated. This paper provides a reference for opti-
mizing the energy consumption, operating mode, collaborative dispatching and energy
trading of the 5G BSMGEMS to promote the effective utilization of RES.

2 Overview of 5G BSs

2.1  5G substation categorization

5G BSs networks predominantly utilize heterogeneous networks, comprising Macro,
Micro, Pico, and Femto. The 5G BSs can be grouped based on their power and capacity.
Macro BSs are deployed in regional centers and are responsible for overall network
coverage. Low-power BSs are used to supplement the coverage and service quality of
Macro BSs. Table 1 summarizes the characteristics of different types of BSs.

Table 1. 5G heterogeneous network BSs parameters [12-14].

Type Features Cover- Transmission
age power
Macro Provide broad coverage, connects a large number of 1-10km ~10W
users, and has high deployment costs.
Micro Complementary Macro BSs, flexible deployment, 50- 0.5W-10W
and low cost. 200m

Pico Provide high-density coverage in small areas. 20-50m 0.1W-0.5W

Femto Use as home BSs. 10-20m <0.1W

2.2 5G BSs energy consumption composition

Energy consumption model for 5G BSs is used to predict and manage the energy con-
sumption to support efficient operations and reduce operation and maintenance costs.
The energy consumption model for 5G BSs often covers equipment power consump-
tions under different operation modes, which are then used for optimizing the operation.
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Fig. 1 shows the 5G BSs system architecture and Table 2 summarizes the energy con-
sumption model.

Table 2. 5G base station energy consumption model [15-17].

Model Type Content
AC power supply unit: mains power introduction, mo-
bile oil generator, surge protector, and AC distribution
Power supply box.
Equipment DC power supply unit: high-frequency switching combi-
power nation power supply, and battery.
consumption . AAU, BBU, radio remote unit (RRU), and network
Communication L .
transmission equipment.
Environment Lighting, air conditioning and humidifiers.
Auxiliary Security and monitoring equipment.
. Full power mode Energy consumption when the BS is fully functional.
Operating . . ..
Idle mode Energy consumption when there is no data transmission.
mode . .
Sleep mode Energy consumption when BS is in low power state.
. Energy efficiency Dynamic power management and load regulation.
Optimiza-
tion technol- Energy recovery Try to recover and reuse some of the energy.
o Eneray suppl High-efficiency power conversion equipment and opti-
gy £y Supply mized power supply design.
Equipment
room
P 1 C icati /
ower su ommunication
Information flow| T SUPPYY . 7
—————— equipment device
Energy flow Environmental Auxiliary
equipment equipment

Fig. 1. 5G base station system composition.

3 Introduction to BSMG

3.1 Components of BSMG

BSMG is composed of renewable energy generation units such as photovoltaic (PV)
and wind energy, ES equipment, and BS components including air conditioning, base-
band units (BBU), active antenna units (AAU), and energy router, as depicted in Fig.
2. Energy supply for BS includes local RES and ES, or can be purchased from other
BSMGs. The BSMG energy management center collects information and is responsible
for managing the energy flow within the BSMG and energy trading among BSMGs
when energy demand and power supply are unbalanced within the BSMG hence at risk
of power outages.
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Fig. 2. Main structure of BSMG.

3.2  Configuration of BSMG

Table 3 summarizes the key configuration components of the 5G BSMG in detail, in-
cluding energy generation, ES, energy conversion, control management system, safety
and protection, and network connection. This configuration can help 5G BSs maintain
stable services under various environmental conditions while also supporting the use of
sustainable energy.

Table 3. 5G BSMG configuration [10, 18-20].

Category

Configuration

Characteristic

Energy generation

ES

Energy conver-
sion

Control and man-
agement systems

Safety and protec-
tion

Network connec-
tion

Solar panels, wind tur-
bines, and diesel genera-
tors

Lithium-ion batteries and
other battery technologies

Inverters

Microgrid controllers,
smart meters, and sensors

Fire protection systems,
lightning protection sys-
tems, and circuit breakers

Grid interconnection
switches and communica-
tion interfaces

Utilize RES and traditional energy to
meet the power needs of the BSs, ensur-
ing diversity and stability of supply.
Store excess electricity for future use, en-
suring continuity of power supply and
system autonomy.

Convert direct current (DC) to alternating
current (AC) to meet the power standards
and quality requirements of BSs equip-
ment.

Manage and optimize the flow of elec-
tricity, achieve efficient energy use, mon-
itor system performance, and conduct
fault diagnosis and preventive mainte-
nance.

Protect equipment and personnel, pre-
venting accidents and malfunctions due
to electrical issues or environmental fac-
tors.

Allow the microgrid to connect or dis-
connect from the main grid and other mi-
crogrids, supporting data communication
and remote management.
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4 BSMGEMS structure, communication and scheduling
networks

41 BSMGEMS structure

The typical configuration of BSMGEMS is shown in Fig.3 and a comprehensive com-
parison of these four structures is summarized in Table 4. The configurations of the 5G
BSMGEMS include centralized, decentralized, hybrid and nested structure according
to its different control and management topology.
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@ Generator A EV @ Wind power @ Energy storage resources
@ Demand response % PV

Fig. 3. Typical architecture of BSMGEMS.

Table 4. Characteristics of different BSMGEMS architectures [21-27].

Type Definition Strengths Weaknesses
Easy to monitor and
All decision-making manage. There is the single
and control opera- High decision-mak- point of failure
Centralized tions are performed ing consistency. (SPOF) problem.
by a central control- Easy to implement System is less scala-
ler. complex optimiza- ble and flexible.
tion algorithms.
Management and de-  Enhance the system -
. - . o ; Increase decision-
Decentralized cision-making are resilience and relia-

dispersed to multiple

bility.

making consistency
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Hybrid

Nested

nodes, and each node

can independently
make decisions and
control.

Certain decision-
making and control
functions are per-
formed by a central
controller, while
other functions are
managed inde-
pendently by decen-
tralized nodes.
Each layer can per-
form a certain degree
of autonomous con-
trol, while the upper
structure can coordi-
nate and optimize
the operation of the
lower structure.

Improve the system
flexibility and scala-
bility.

Balance the features
of centralization and
decentralization.
Improve the flexibil-
ity and resilience of
the system.

Provide high flexi-
bility and scalability.
Effectively respond
to energy manage-
ment needs of differ-
ent scales and com-
plexities.

and optimization
difficulty.
Need more complex
communication and
coordination mecha-
nisms.

System design and
implementation are
complex.
Need to carefully
design the distribu-
tion of responsibili-
ties.

The control and
management struc-
ture are complex.
Require appropriate
hierarchical man-
agement strategies.

4.2

Communication network

Fig. 4 illustrates four types of communication networks: Peer-to-Peer (P2P), mesh, ag-
gregation, and nested structures and Table 5 summarizes the key features of these net-
works. In these diagrams, aggregators function as local controllers for the BSMGs,
while the various nodes represent different distributed energy sources and electrical
devices equipped with communication capabilities.

P2P structure

29?

\

@« -

°g2

Aggregated
structure

Mesh structure

Central
controller

,$‘\
* T T
g?‘:"*‘:?@‘;

= Central 17 v® Central '.
k T _ y] controller 1~ ). . 'gj € > controller [« *'Cg’.
0« ] e & | =+ ‘e
T~ el
Distribution system
operator (DSO)
= A3
= ~ Nested structure
a ~

OAggregator; @ Node; <> Communication flow

Fig. 4. Typical communication network structure of BSMG.
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Among them, the multiple connectivity of the mesh structure is more robust. Even if
one connection fails, data can still be transmitted through other paths, ensuring the sta-
ble operation of the network. The nested structure adopts a hierarchical approach, where
each layer can be independently managed according to requirements while being coor-
dinated and controlled by the upper layer. This structure provides great scalability and
flexibility to effectively manage complex systems and diverse energy resources. In
short, mesh and nested structures have certain potential in the development of 5G
BSMG, but the actual choice of which structure needs to be considered is based on

specific network design requirements, cost budget, and technical conditions.

Table 5. Characteristics of different communication network structure of BSMG [28-33].

Type Definition Strengths Weakness Application
It is applicable
The network It may 1 o
Each node of the net- ¢ networ .t ay lead .to to the distrib-
. structure is sim-  increased dif-
work can communicate le ficulty in data uted system
P2P directly with other pie. curty m. where nodes
. Communication integration
nodes, and there is no . need to ex-
between nodes  and optimized .
central node. . . . change infor-
is flexible. processing. . .
mation directly.
Collect aqd aggregate Reduce the Longer travel Suitable for
information through amount of data time laree systems
Aggre-  specific nodes, and then transmitted to . 1ee 8y
. There is the with frequent
gated pass the aggregated in-  the central node. SPOF prob information ex
formation to the central Efficient data P
. lem. change.
node or other nodes. preprocessing.
Each node in the net- .
ac ode. the net Redundant con-  Network man-  Ideal for envi-
work can directly con- . .
. nections can ef- agement 1s ronments re-
nect and communicate . o .
Mesh . . fectively solve complex. quiring high re-
with multiple surround- . . LS
. the SPOF prob-  High running liability and
ing nodes to form a o
lem. costs. flexibility.
mesh structure.
Suitable for
Each layer can perform Effectively pro- . systems with
a certain degree of au- Design and large scale,
tects customer .
tonomous management, . implementa- complex struc-
Nested . privacy. . )
while upper layers can . tion are more  ture and requir-
. Lower running . . .
coordinate and manage costs complex. ing hierarchical

lower layers.

management
and control.

4.3  Scheduling methods

The scheduling optimization of 5G BSs and is a challenging problem. The base station
load and capacity are dependent on various factors such as user distribution, communi-
cation intensity, and power supply reliability in the area where the BS is located. 5G
BSES is different from conventional ES and requires sufficient backup capacity to en-
sure the reliability of BS power supply. Table 6 summarizes the characteristics of three
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types of scheduling approaches, including artificial intelligence (AI) method, conven-

tional method and metaheuristics algorithm.

Table 6. Comparisons of different scheduling strategies.

Type Strategy Strengths Weakness Application
Flexible handling of im-
. . Not as accurate and sta- . .
Fuzzy precise or uncertain infor- Deal with ambiguous and
. . ble as other advanced . .
logic [34] mation. . uncertain environments.
. algorithms.
Low system complexity.
Require complex strat-
Game the- Effectlvely ha_ndle d?CI_ cey d§31gn and egulhb- Competitive or multi-user
ory [35] sion-making issues in- rium analysis. environments
Yy volving multiple parties. High computational '
cost.
. . Compl.ex des1gn and de- Distributed resource man-
Multi- Emphasize system auton- bugging requires effi- .
. . S agement and multi-source
agent [36] omy and collaboration. cient communication .
Al energy system coordination
method protocols.
High requirements on
Neural Able to process large data quallt.y and quan- Demand forecasting apd
network tity. complex system behavior
amounts of data. . .
[37] Training process may modeling
be time-consuming.
Reinforce- Self-learning and optimi- Dynamically changing en-
ment . . . . Encounter convergence .
. zation by interacting with . vironments, such as adapt-
learning . issues. .
38] the environment. ing to market changes.
Swarmin- oo scalability and ro- Algorithm parameter Distributed EMS with di-
telligent . . verse needs and large time
bustness. adjustment is complex.
[39] changes
Bi-level Handle leadership-subor-
ooTam- dinate multi-level deci- The model is complex ~ EMS with a clear hierarchy
;ing [40] sion-making problems and difficult to solve. of decision makers
& with a clear structure.
pr}(l)r;;nnli Handle multi-stage deci-  The curse of dimension-  Sequential decision-mak-
ming [41] sion-making problems. ality problem. ing problems
Conven- ?glzfd ;g: Accurate representation of  The model is very com-  Complex systems that need
tional rimrgin discrete and continuous plex and takes a long to handle both discrete and
& £ decision variables. time to solve. continuous variables
method [42]
rI\e{l?Steilve Real-time optimization, Reliance on accurate Suitable for situations
pcon trol able to foresee future im-  models and predictions.  where dynamic systems re-
[43] pacts and respond flexibly  high computational cost  quire frequent adjustments
Robust System uncertainty is Too conservative and
ooram- taken into account. sacrificing some perfor-  Scenarios where the envi-
prog Improve system resilience  mance to cope with the ronment is uncertain
ming [44]

and reliability.

worst scenario.
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Stochastic
program-
ming [45]

Ability to handle uncer-
tainty in input data and
optimize the decision-

making process.

The superiority of the

results depends on the

accuracy of the proba-
bilistic model.

Input data has a high de-
gree of uncertainty

Evolution-
ary algo-

rithm [46]
Other me-
taheuris-
tics [47]

Metaheu-
ristics
method

Ability to handle large-
scale and complex optimi-
zation problems.

Adapt to changing prob-
lem structures.

Computationally inten-
sive.

Lack of theoretical con-
vergence guarantees.

Systems with many param-
eters and complex objec-
tive functions.

Non-linear, non-convex, or
mixed problems.

5 5G BS energy trading

Most existing BSMG researches focus on energy consumption modelling and predic-
tion, as well as machine learning approaches to optimize the energy scheduling, little
has been done on the energy transactions among multiple BSMGs. The trading schemes
in the energy market include bilateral trading, real-time market trading, auction mar-
kets, P2P energy trading, virtual power plants, and load aggregation. The existing multi-
BSMG energy trading strategies include cooperation strategy and competition strategy.

Table 7 summarizes the comparison of different trading strategies.

Table 7. Comparisons of different energy trading strategies.

Type Strategy Strengths Weakness Application
Bilateral ~ Transaction terms Less flexible and Energy SuPp ly and de.—
trading are clear and risks not be abl.e tore- mand parties who require
48] are controllable spond quickly to long-term and stable co-
’ market changes. operation.
Real-time Highly flexible Market environment
market and able to re- Price fluctuations changes rapidly and re-
trading spond quickly to may be large. quires flexible adjust-
[49] market changes. ment.
Auction  High transparency ~ Require complex Large-scale energy re-
markets ensures fair com-  rules and regula- source distribution and
[50] petition. tions. market participants.
Single P2P en- Reduce transac-
BSMG ergy trad- tion costs and in-  High technical re- Decentralized energy
ing [51] creaseg .consumer quirements. systems.
participation.
Virtual Optimize resource Management is .
power use and enhance corpplex gnd re- Resourcqs are dlspe.rsed
plants market competi- quire a high Qe- but require centralized
[52] fiveness. gree of.coordma— management.
tion.
Demand Reduce costs Require effective Suitable fo; multl-userh
aggrega- through econo- user coordination concentrate 'a{eas, suc
tion [53] mies of scale. and management. as commerctal areas or

residential groups.




Base station microgrid energy management in 5G networks - a brief review 11

Coopera- . Reduce efficiency
. Reduce respective . . .
tive trad- . and increased de-  High market uncertainty
. . costs and risks.
Multi- ing [54] pendency.
ple Competi- Improve effi- Waste of re- Mature market environ-
BSMGs . ment, large number of
tive trad- ciency and have sources and mar- articinants and suffi-
ing [55] price advantage. ket instability. p P

cient resources

6 Conclusion

This paper has presented a brief literature review on the structure, BS energy consump-
tion, dispatching optimization and energy trading of the 5G BSMGEMS. Given that the
research on BSMGEMS is still quite limited, the following topics are recommended for
future investigation.

1) BSs energy consumption analysis and optimization: To develop an effective en-
ergy management scheme for BSMGs, it is crucial to understand the energy consump-
tion characteristics of 5G BSs when they are at different working modes, and it is also
important to propose more effective optimization tools considering the specific features
of the BSs working modes and the volatility and uncertainty of both the renewable
power supply and BSs traffic loads.

2) Energy trading and market mechanism: To design suitable energy trading models
and mechanisms among different 5G BSMGs, including pricing strategies, trading
rules, and market design, has an important role to play in effective energy allocation
and utilization. With the roll-out of 5G technology, BSMGs when aggregated, can pro-
vide ancillary services to the power grid, such as frequency regulation and standby ca-
pacity, and hence improve the overall energy system flexibility and resilience.

3) Environmental and economic assessment: To assess the environmental impact of
5G BSMGs, including carbon footprint calculations and emission reduction strategies
to support sustainable development goals is another interest research topic.

Disclosure of Interests. The authors have no competing interests to declare that are relevant to
the content of this article.
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