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SUMMARY

Our research addresses the critical intersection of communication and power systems in the era of
advanced information technologies.We highlight the strategic importance of communication base station
placement, as its optimization is vital for minimizing operational disruptions in energy systems. Our study
introduces a communications and power coordination planning (CPCP) model that encompasses both
distributed energy resources and base stations to improve communication quality of service. This model
facilitates optimal resource distribution, ensuring communication reliability over 96% and downlink
transmission rates above 450 Mbps, enhancing network resilience and cost-effectiveness. Through case
studies, we demonstrate CPCP’s potential to significantly reduce planning costs, particularly with
increased renewable energy integration, supporting the transition to low-carbon energy systems. Our
findings contribute to a comprehensive understanding of the symbiotic relationship between communica-
tion and power networks, emphasizing the need for coordinated planning in building future-proof energy
infrastructures.

INTRODUCTION

The development of information and communications technology, as well as distributed energy resources (DERs), has become an important

means of achieving an efficient and clean energy system.1 As the number of available DERs increases, this will have an enormous impact on

future power system architecture.2 The most typical change is the emergence of a large number of regional autonomous microgrids

(MGs), which can actively control power flow and interact with loads. With access to massive-scale DERs and the application of intelligent

measurement equipment, the secure, reliable, and efficient operation of power systems requires the support of advanced information

and communication technology (ICT).3–5 In the communication field, recent years have witnessed the rapid development of various commu-

nication-related technologies, including standards formulation and base station (BS) construction, which have advanced in leaps and

bounds.6 Compared to 4G, 5G communication has much higher performance in terms of transmission rate, time delay, and other indicators.

China has deployed 690,000 5G BSs, and the number of terminal connections exceeds 180 million. It is estimated that by 2030, the number of

5G BSs operating in China will exceed 10 million.7 With the construction of such a massive number of 5G BSs, on the one hand, the energy

consumption of communication systems will present new challenges and problems for the energy management of power systems.8 On the

other hand, the existing number of towers for communication operators is not enough to support large-scale BS construction, and a large

number of new towers are not only a huge investment, but also a waste of land resources.

To this end,Distribution SystemOperators (DSOs) andcommunication operators sought a newmodeof cooperation, and shared towerswere

born.9 The development of the power systemhas so far formed amore complete transmission and distribution network, with abundant pole and

tower resources, and thepowerpoles spreadall over theplaceprovideagoodopportunity for sharing towers. The shared tower is anew resource-

sharingmodel inwhich a communicationBS is added toapower tower, allowing thepower line andBS tosharea tower. Therefore,power systems

and communication systems are increasingly coupled. A power system supplies energy, and a communication systemmeets the demand for in-

formationexchange.ABS is themain intermediarybetweena communicationnetwork andapowernetwork. For the communicationnetwork, it is

an important transfer point forwireless information transmission. For thepower network, it is themain communicationdevice andconsumeselec-

tricity.8With thecontinuouscouplingofcommunicationandpowersystems, it isnecessary tocomprehensivelyplan thecapacities andgeographic

locations of BSs by integrating the power loads, the communication loads and the situation regarding new-energy-basedpowergeneration so as

to realize the coordinated planning of the 5G communication system infrastructure and the distribution network.10

The planning of ADNs has been extensively addressed in the studies over the past decades, whichmainly focuses on the optimal planning

of various elements in the distribution network (i.e., DERs, circuit breakers, energy storage, and capacitors11–14) to ensure the security and
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reliability of distribution system operation. With the deepening of the coupling degree between communication and power systems, studies

have also emerged on planning methods for communication resources (i.e., signal processing devices, BS power supply devices, and the

spectrum of communication networks15–17). In the study by Mao et al.18 the incurred cost of BSs in the communication network is taken

into account. Even though, the aforementioned literature provides useful insights into the coordinated operation of both the energy and

the communication system. Nevertheless, these studies only optimized and scheduled the power resources and communication resources

of BSs from the perspective of the communication system, without considering the impact of the topological location of the BS on the power

system.

In practice, with the further construction of 5G communication system, the density of 5GBSswill increase significantly, and the correspond-

ing energy consumption of the communication system can no longer be neglected.19 The coupling between the energy and communication

systems is convinced to be strengthened.20 On the one hand, the operation strategy of the communication system may change the original

power flows of the distribution networks. On the other hand, the reliable coordinated operation depends on the efficient support of the

communication system. Therefore, the coordinated planning of communication resources and power resources taking into account the po-

wer topology can improve the communication quality while ensuring the efficient operation of the energy system, which is worthy of further

study.

In our previous work,21 we introduced the modeling of communication reliability (CR) to capture the mutual impacts of cyber-physical sys-

tems, and proposed a CR-restricted coordinated operation strategy in active distribution networks. However, the coordinated planning of

communication and energy systems is supposed to ensure sufficient CR and the different communication requirements of heterogeneous

users, i.e., an access mechanism for the BSs. To fill the aforementioned gap, we introduce and explore a strategy, communications and power

coordination planning (CPCP), which is dedicated to achieving efficient coordination between distributed energy systems and communica-

tion networks. To accomplish this objective, we first propose a BS access mechanism to determine an efficient communication topology

among MGs and BSs. Subsequently, we develop a coordinated planning model that takes into consideration key communication quality in-

dicators such as CR and downlink transmission rate. We employ a multiple linear regression model to incorporate these metrics into the co-

ordinated planning model, providing better consideration of their nonlinear characteristics. Through case studies based on both standard

and real-world distribution networks, we validate the effectiveness of the CPCP strategy, demonstrating its potential to enhance communi-

cation quality while accounting for the deployment of DERs and BSs. This research underscores the crucial role of efficient communication

infrastructure in modern power systems and presents a comprehensive approach that can be used to plan and operate both communication

and power systems, ultimately leading to more resilient, efficient, and reliable networks.
RESULTS AND DISCUSSION

Framework

Figure 1 illustrates the concept of cooperation between communication operators andDSOs at the energy layer and communication layer. As

shown in Figure 1, we consider a city-level distribution power system consisting of multipleMGs with DERs as well as battery storage systems.

TheDSO transmits electricity to theMG via power towers. TheMG ismanaged by an energymanagement controllers (EMCs) that coordinates
2 iScience 27, 109290, March 15, 2024



Table 1. The characteristics of the three cooperative strategies

Strategies Management and planning right of BS Power wireless network construction

M1 3 U

M2 U 3

Communications and Power Coordination

Planning (CPCP)

U U
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the dispatch of energy in theMGby interacting with information from other EMCs. This information can be interacted with through a commu-

nication network. Therefore, BSs are themain intermediaries between communication and energy systems. For the communication network, a

BS is an important transfer point for wireless information transmission. For the distribution network, it is the main communication device and

consumes electricity. The communications operator is responsible for the construction of BSs. However, the communication operator builds

the BS to complement the 5G signal, and the establishment of a communication BS does not mean the establishment of a dedicated power

wireless network. EMC can also communicate by accessing a normal 5G network but at a reduced reliability and transmission rate. The coop-

eration strategy of the two operators determines the establishment of a dedicated communications network. In the communications coop-

eration strategy, the communications operator establishes a dedicated power wireless network and the DSO provides the power supply and

establishes the supporting distributed photovoltaic (PV) and energy storage under this MG.

The planning andmanagement of BSs involve the impact of signals at the communication level and the distribution of electricity flow at the

power level. This right is therefore vested differently under different cooperation strategies. In the M2 strategy, the DSO is given the right to

manage and plan the BSs, and the DSO coordinates the planning of distributed energy in the distribution network and the selection of shared

towers for electricity and communications. However, in this strategy, the communications operator does not provide the construction of a

dedicated network.

In order to provide a better service to the power system, we propose a cooperation strategy of joint planning and communication.

Communication operators not only set up dedicated power wireless networks, but also handed over the management and planning of

BSs to DSO. It needs to be understood that this cession of rights will necessarily cost the DSOmore money. However, it is beyond the scope

of this paper to discuss how to incentivize the formation of this strategy. In addition to CPCP, we set up two comparison scenarios,M1 andM2,

as shown in Table 1.

In this study, we first validate the CPCPmethod using the IEEE 33-bus system as a standard benchmark. The IEEE 33-bus system consists of

multiple MGs, with adjustable loads at each node, serving as potential locations for the deployment of PV panels, energy storage systems

(ESSs), and BSs. The study incorporates key parameters, including discount rate, service lives, and investment costs, which are further detailed

in the STAR Methods section for reference. Subsequently, we apply the CPCP strategy to a real-world scenario in Venezuela, specifically in a

zone within the metropolitan area of Caracas.22 The evaluation in this case remains consistent with the parameters established earlier based

on the IEEE 33-bus system, ensuring a comprehensive comparison across the three coordination strategies. The load and solar power data of

the MGs are collected from ref.23

Communications and power coordination planning

In CPCP, mobile network operators not only transfer the planning and management rights of BSs to the DSO but also establish a dedicated

power wireless network for the DSO. In turn, the DSO constructs supporting power supply equipment to ensure an ample energy supply for

the mobile network operators. CPCP offers a comprehensive solution that addresses multiple critical aspects. It seeks to optimize the utili-

zation of resources and enhance network performance in a holistic manner. In stark contrast to theM1 andM2 strategies, CPCP demonstrates

several key advantages.

At its core, CPCP takes a meticulous approach to resource allocation for power generation and storage, as shown in Table 2. We carefully

consider the energy demands of the distribution power system, ensuring that construction capacities for PV panels and ESS are aligned with

the network’s energy requirements. Unlike M1, which often concentrates shared tower locations in central areas for convenience and acces-

sibility, CPCP strategically distributes these resources, resulting in a more balanced allocation (Figure 2B). This approach significantly reduces

potential disparities in power flow across the distribution network, thereby optimizing resource utilization. It intelligently allocates towers with

high power consumption to different feeders, ensuring a more even distribution of energy demand as shown in Figure 2A. In contrast, M1

tends to overlook this critical aspect, potentially leading to imbalances in energy distribution.

Additionally, at the cyber layer, CPCP goes beyond power considerations to enhance CR and downlink transmission rates. By stra-

tegically placing BSs and optimizing their accessibility for EMCs, CPCP maximizes the quality of communication services (QoS). It even

offers intelligent routing of EMCs to alternative nearby BSs when the nearest BS is at full capacity, accounting for BS limitations. The

results in Figure 2C reinforce the rationality and effectiveness of CPCP strategy. We observe that the achieved CR surpasses 96%, with a

significant proportion of EMCs achieving a flawless 100% reliability. Furthermore, the downlink transmission rates consistently exceed

the threshold of 450 Mbps, with EMCs connected to BSs achieving even higher rates, reaching up to 800 Mbps. This improvement in

communication performance is facilitated by the provision of a dedicated power wireless network. The total downlink transmission ca-

pacity of 18.15 Gbps demonstrates the efficiency and effectiveness of our proposed CPCP strategy in addressing the communication

demands of the network.
iScience 27, 109290, March 15, 2024 3



Table 2. Investment costs and capacities for energy storage, photovoltaics and base stations in the IEEE 33-bus system under the Communications and

Power Coordination Planning (CPCP) strategy

ESS PV BS

Capacity/number (MW) 420 1091 8

Investment cost (106 $) 3.62 33.94 11.08
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In stark contrast, the M2 strategy raises concerns when it comes to CR and performance. Under this strategy, the delegation of BS man-

agement to the DSO occurs without the provision of dedicated wireless network construction services for the distribution network. As

observed in Figure 2D, several EMCs under the M2 strategy, including EMCs 3, 8, 11, 13, 15, 25, and 33, experience significantly lower CR

values below the predefined threshold of 96%. This deficiency in communication quality may lead to information transmission failures during

coordinated operations, potentially incurring additional operational costs due to unstable communication. Furthermore, a substantial num-

ber of EMCs in the M2 strategy experience downlink transmission rates below the threshold of 450 Mbps. This suboptimal performance can

hinder real-time energy sharing instructions among EMCs and result in delays in control actions, compromising the efficiency of energy

sharing and coordination among energy users.

In summary, CPCP presents a holistic approach that optimizes both the power and communication aspects of network planning. At the

electrical level, CPCP ensures efficient resource allocation for power generation and distribution, reducing disparities in power flow and

enhancing resource utilization. Simultaneously, at the communication level, CPCP leverages a dedicated power wireless network and intel-

ligent routing, resulting in superior CR and downlink transmission rates.

An application of the communications and power coordination planning strategy to Venezuela

Figure 3 presents a comparative assessment of the planning results under these three strategies in a distribution network of Venezuela.

Notably, the M2 strategy achieves the lowest planning cost in Figure 3A, primarily due to its omission of a dedicated power wireless

network. This eliminates the need to increase the power load of BSs. However, it’s essential to emphasize that the M2 strategy falls

short in terms of downlink transmission rate (DTR) compared to CPCP. This underscores the critical role of a dedicated power wireless

network in the overall planning process. CPCP, on the other hand, exhibits higher DTR compared to M1, thanks to its coordinated

planning approach. This approach allows BSs to utilize surplus DER output, increasing their transmit power to mitigate line congestion

and enhance overall communication rates.
A CPCP B M1

C CPCP D M2

Commucation and power shared towers 2000  Communication and power shared towers

Figure 2. Comparison of planning results under communications and power coordination planning (CPCP) strategy, M1 and M2

(A) The selection of shared towers for power communications and the access of energy users represented by EMC under CPCP.

(B) The selection of communication power sharing base stations under M1.

(C) The communication reliability and downlink transmission rate under CPCP.

(D) The communication reliability and downlink transmission rate under M2.
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Figure 3. A comparative assessment of the planning results under three strategies in a distribution network of Venezuela

(A) The total investment capacity of energy storage and photovoltaics in the system, and the total downlink transmission rate of system users.

(B) Statistical graphs of the communication reliability under communications and power coordination planning (CPCP).

(C) Statistical graphs of the downlink transmission rate under CPCP.
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Figures 3B and 3C provide insights into the communication quality statistics for the EMCs within the network. CPCP demonstrates its su-

periority in ensuring robust communication services, with approximately 64% of MGs achieving CR above 98%. Furthermore, the majority of

EMCs experiences downlink transmission rates within the range of 400–550 Mbps. These results highlight the enhanced communication ser-

vices accessible to all MGs through the adoption of the CPCP strategy.

In summary, the CPCP strategy emerges as a powerful solution for optimizing the joint coordination of power and communication systems

within Venezuela’s distribution network. It ensures the establishment of a dedicated power wireless network, resulting in robust and reliable

communication infrastructure. This, in turn, facilitates fast and efficient data transmission, surpassing the CR requirement and the downlink

transmission rate threshold. CPCP also strategically places BSs tomaximize accessibility, optimizingQoSwhileminimizing interference. Addi-

tionally, CPCP enables coordinated planning between the distribution network and the communication network, enhancing overall commu-

nication rates by leveraging surplus DER output and addressing line congestion. These collective benefits demonstrate the CPCP strategy’s

effectiveness and efficiency in ensuring reliable and high-performance communication services within the network, contributing to improved

user experiences and operational efficiency.

Coordinated planning of power and communication networks for enhanced low-carbon transition

As the challenges of future low-carbon transition intensify, the transformation of distribution networks, particularly toward zero-carbon MGs,

becomes paramount. In this context, coordinated planning of power and communication networks emerges as a pivotal step in facilitating the

low-carbon transition, offering substantial cost advantages. As illustrated in Figure 4A, the investment cost reduction achieved by the CPCP

strategy, when compared to M1, increases from $1.5 million at a 20% renewable energy generation requirement to $1.8 million at a 100%

renewable energy generation requirement. This shift in investment cost differential underscores the significance of coordinated planning.

It not only enhances our ability to meet future energy demands efficiently but also lowers overall operational costs, contributing to a more

sustainable and low-carbon energy network.

Furthermore, as depicted in Figure 4B, we observe changes in ESS and PV capacities, as well as total investment costs under the CPCP strat-

egy, for different renewable energy generation ratios. It’s important to note that only when the proportion of renewable energy sources sur-

passes the threshold of 60%, there is a sharp increase in investment costs. This phenomenon occurs because within the MGs, there is already

an inherent PV energy output, allowing it to reach the output ratio within the threshold evenwithout constraints on renewable energy generation.

However, exceeding this threshold requires additional investment in PV and ESS construction, leading to a sudden cost escalation.

Conclusions

Our study introduces a coordinated planning model that encompasses both DERs and BSs, with the primary objective of enhancing commu-

nication QoS. Communication QoS, assessed through CR and DTR, serves as the cornerstone of our model. These factors are elegantly

captured using a logarithmic function, which takes into account the transmit power of the communication system. Furthermore, we incorpo-

rate CR into our model to mitigate bit error rates during communication. Case studies based on in standard and actual distribution network

demonstrate the following.
iScience 27, 109290, March 15, 2024 5
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Figure 4. Planning results of communications and power coordination planning (CPCP) in the context of low-carbon transition

(A) The reduction in investment cost of CPCP compared to strategy M1 under various proportion of renewable energy generation.

(B) Changes in energy storage system (ESS) and photovoltaic (PV) capacities, as well as total investment cost under CPCP strategy, across different proportion of

renewable energy generation.
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(1) At cyber layer, our proposed BS access mechanism optimizes the communication topology between users and BSs.

This results in an efficient and tailored communication network where each user accesses the most suitable BS. The

outcome is the maximization of total communication capacity within MGs. This has profound implications for communication

system planning and operation, as it ensures that resources are efficiently allocated to deliver high-quality communication

services.

(2) At physical layer, the coordination planning model, which considers communication quality as a fundamental parameter, plays a

pivotal role in ensuring reliable energy sharing among variousmarketmembers. High-quality communication services enable seamless

coordination and efficient sharing of energy resources. This aspect is crucial for both power and communication system operators to

guarantee stable and dependable energy distribution.

(3) Coordinated planning not only leads to cost savings but also contributes to the overall sustainability of the infrastructure. Policies that

promote joint optimization of communication and power systems can lead to a more economical and environmentally friendly

network, aligning with sustainability goals and energy transition objectives.

Our research not only addresses specific planning and optimization challenges but also presents a comprehensive approach with broader

implications. It underscores the pivotal role of efficient communication infrastructure in modern power systems. This holistic approach has the

potential to revolutionize how we plan and operate both communication and power systems, ultimately leading to more resilient, cost-effec-

tive, and reliable networks. For future work, three issues deserve an in-depth study: (1) in-depth analysis of communication latency and related

factors; (2) diverse BS channel allocation strategies in coordinated planning; and (3) design of cooperative mechanisms for equitable benefit

distribution.

Limitations of the study

Firstly, one limitation of this study is the omission of considering the influence of communication latency and other related factors on the coop-

erative planning of information-physical systems during the modeling of the communication aspect. Secondly, this study lacks of exploration

regarding the heterogeneous BS channel allocation strategies for different users. In practice, users within a communication network often

exhibit diverse requirements and characteristics, and their BS channel allocation needs may vary accordingly. Finally, the collaboration be-

tween two distinct entities necessitates the design of cooperative mechanisms to incentivize or strengthen the joint cooperation between

systems, ultimately achieving a win-win situation for all parties involved. However, this paper solely focuses on exploring different strategies

of cooperation, without delving into the design of collaborative mechanisms for equitable benefit distribution. This aspect warrants a sepa-

rate research endeavor to comprehensively discuss and analyze.

Furthermore, it is important to note that the effectiveness of the theoretical model in real-world applications will show significant variability

due to different system boundary conditions, which can mainly be outlined in the following three aspects:

(1) Differences in resource endowment, power grid topology, and user demand characteristics in different regions: This is mainly reflected

in the constraints related to the operation of the power system in the model. Generally speaking, the larger the scale of the commu-

nication system, and the higher the mismatch between distributed resources and power load, the more significant the effect of coop-

erative planning will be.

(2) Differences in communication service quality requirements between different regions and users: This is mainly reflected in the QoS-

related constraints in the model. In this paper, we only consider the CR and DTR as QoS evaluation indicators. In actual systems,

communication service quality requirementsmay includemore dimensions, and communication latency and diverse base station chan-

nel allocation strategies will also affect the results of cooperative planning.
6 iScience 27, 109290, March 15, 2024



Table 3. List of acronyms

Term Acronym Term Acronym

Active distribution network ADN Microgrid MG

Base station BS Information and communication technology ICT

Communication reliability CR Orthogonal frequency division multiple access OFDMA

Distributed energy resource DER Ordinary least squares OLS

Downlink transmission rate DTR Photovoltaic PV

Distribution system operator DSO Quality of service QoS

Energy storage system ESS Signal-to-noise ratio SNR
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(3) Different technological preferences in various regions: This is mainly reflected in the constraints related to investment decisions in the

model. In actual systems, resource investment will also be affected by local incentive policies, cultural, and social factors, among

others, which will likewise have a significant impact on the results of cooperative planning.

Acronyms

The acronyms used in this paper are listed in Table 3.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

The yearly load and solar power data Pecan Street website https://www.dataport.cloud/

The yearly LMP data PJM http://dataminer2.pjm.com!feed/

da_hrl_lmps/definition.

Macro base station power model parameters Oliver Arnold https://ieeexplore.ieee.org/abstract/

document/5722444/references#references

New data generated by this study (data used

for figures)

This study Data S1

Software and algorithms

MATLAB R2021b MathWorks https://matlab.mathworks.com/

YALMIP Johan Löfberg https://yalmip.github.io/

CPLEX IBM https://www.ibm.com/cn-zh/products/ilog-

cplex-optimization-studio
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead author, Professor Jianxiao Wang (wang-

jx@pku.edu.cn).

Materials availability

This study did not generate new unique materials.

Data and code availability

� This study analyzes existing, publicly available data which are listed in the key resources table. The data generated by our analysis can

be found in Data S1.

� This study does not report original code, which is available for academic purposes from the lead contact.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Communication network model

The communication network is to maintain the QoS in energy sharing among different MGs. Specifically, we first introduce the indicators of

QoS, i.e., the CR and DTR. Then, the relationship between the signal-to-noise ratio (SNR) and the BS transmit power will be discussed. Finally,

the base station access mechanism as well as the interaction between the power consumption and the QoS of communication are discussed.

The QoS model we use in this study is improved from our previous work.21 Each EMC is able to communicate with the DSO and receives

control commands with the support of a communication network. To evaluate the quality of each communication, the CR and DTR are

selected as indicators. The CR between the base station and the EMC in a dedicated power wireless network satisfies a specific value a., which

has been specifically discussed in 21. The users’ information transmission rates are greater than a given threshold b (Mbps). The thresholds for

CR and DTR are not guaranteed without a dedicated power wireless network. The CR and DTR of each MG are calculated as follows:

dn� i =

241 � Q

0@ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2SNRn� i

BN

R

r 1A35l

Ra (Equation 1)
cn� i =
B

K
log2ð1 + SNRn� iÞR b (Equation 2)

Here, in the CR formula, dn� i denote the CR in the communication between BS n and EMC i, Q ($) denote the integral tail function, which

obeys standard Gaussian distribution, BN and R denote the noise bandwidth and data transmission speed in communication, SNRn� i denote
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the SNR, and l is the bit length of a packet. In theDTR formula, cn� i is the downlink transmission rate of EMC i, andB is the operating spectrum

bandwidth of the BS, and K is the number of allocated orthogonal channels.

According to the properties of the integral tail function and the logarithmic function, the CR and DTR will improve with an increasing SNR,

as shown in Figure S1. In this paper, the widely used scheme of equal bandwidth sharing among the EMCs is adopted. The bandwidth as-

signed to each EMC is B/K. SNR modelling will be introduced in detail in the subsequent text.

The SNR is defined as the ratio of the effective signal strength to the noise signal strength in communication, such as the interference po-

wer from other base stations as well as thermal noise interference, and can be presented as follows:

SNRn� i =

Tn
E$

�
10

PLðdn� iÞ
10

�-1

P
msn

Tm
E$

�
10

PLðdm� iÞ
10

�-1

+N0

(Equation 3)

where TE
n is the transmit power of BS n, TE

m is the interference power imposed on EMC i by the other BSs, PL is the dB form of the path-loss

model, dn� i is the distance between EMC i and BS n, and N0 is the thermal noise. Therefore, one can improve the transmit power of base

stations for SNR enhancement to guarantee that the CR andDTR requirements aremet. It should also be noted that, for a certain base station,

the increase of the corresponding transmit power can lead to the increase of the interference noise for the other BSs, as shown in Figure S2.

That is to say, it is desirable to determine the appropriate transmit power for geographically distributed base stations to make a tradeoff

between communication reliability and related incurred cost. Furthermore, the relationship between the energy consumption of a certain

base station and the corresponding transmit power can be expressed as follows:

PB
n = e$nacc

n Tn
E + f (Equation 4)
TE
nmin % TE

n %TE
n max (Equation 5)

Where PB
n is the energy consumption of base stations; TE

n denoets the transmit power; e and f denote the related coefficients between energy

consumption and the corresponding transmit power. TE
nmin and TE

nmax depict the limits of transmit power of base stations.

Because of the use of orthogonal frequency division multiple access (OFDMA), there is no interference between subcarriers of the same

BS. The power consumption of BS n increases linearly with its total transmit power, including all subcarriers. Intuitively, the power load of a BS

has a linear relationship with its communication load.

In this paper, the BS access scheme is modelled via OFDMA. Note that the use of OFDMA is convenient for performance evaluation.

Through this access scheme, the number of subcarriers available to users from each BS is determined. The BSs assign an orthogonal channel

to each EMC for downlink transmission.

To describe the access mechanism between the EMCs and the BSs, we introduce an Nbs3Nmg connection matrix A, where Nmg is

the EMCs number and Nbs is the number of power towers which is also the number of candidate locations for base stations. It is not

necessary for all power towers to be selected as communication power sharing towers. The elements in A satisfy the following

constraints:

XNbs

n = 1

aAn� i = 1 (Equation 6)
XNmg

i = 1

aAn� i = nA
n (Equation 7)

where aAn� i is a binary variable, with aAn� i = 1 denoting that EMC i accesses BS n, and nAn is the number of EMCs accessing BS n. Constraint (6)

means that each EMC can access only one BS. Constraint (7) means that the number of EMCs accessing BS n is equal to the total state vari-

ables of the nth column of the matrix A. The capacity of each BS isDcap. Based on the equal-bandwidth-sharing scheme, the constraint on the

capacity allocated to each MG, cn� i, is formulated as follows:

nA
n cn� i %Dcap (Equation 8)

The sumof the downlink transmission rates of all EMCs connected to BS n is equal to the BS communication load, which is less than the BS’s

capacity. All constructed BSs are intended tomeet high traffic requirements. Let the traffic demand (Mbps) in the distribution network area be

denoted by Dtotal. Then, the number of BSs to be constructed is restricted as follows:

nBSDcap RDtotal (Equation 9)

where nBS is the number of BSs to be constructed in the distribution network area.
10 iScience 27, 109290, March 15, 2024
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As shown in Figure S3 each user accesses a base station, and the BS then allocates a channel to each new user when there is remaining

channel capacity. If all of the channel capacity of a BS is occupied, a user cannot access this BS and must instead access another BS that is

farther away.

Coordinated planning model

In this section, the coordinated planning model of DERs and BSs is proposed. The objective function aims to minimize the overall cost for

distribution system operation consisting of multiple EMCs, including the investment cost for both the energy and communication system:

min C = CInv +wCOpe (Equation 10)

with

w = 365
mOpe

ð1+aÞy (Equation 11)
CInv = kPV
X
i˛GPV

cPVn
PV
i + kESS

X
i˛GESS

cESSn
ESS
i + kBS

X
i˛GBS

cBSu
BS
i (Equation 12)
COpe =
X
i

X
t

X
s

gs

�
lRt

 X
j˛4i

Pijst � PB
ist

!
� Ui

�
PL
ist

�
+ lBt P

B
ist

�
(Equation 13)
k =
að1+aÞy

ð1+aÞy � 1
(Equation 14)

where CInv represents the investment cost for DERs and BSs, COpe is the annual operational cost, w is the equivalent factor of net

present value, mOpe scales the relevant cost into one year. a and y denote the annual interest rate and the expected number of

the service year, respectively. G, k and c represent the set of candidate investment nodes, the equivalent coefficients for annual in-

vestment and the unit investment prices, respectively, for PV panels, ESSs and BSs. nPVi and nESSi are the numbers of PV panels and

ESSs, respectively, installed at node i: nBSi is a binary variable indicating whether to establish a BS at node i; and Uið $Þ denote the

corresponding utility function of EMC i. The operating cost includes the power purchase cost minus the electricity utility. It should be

noted that, we predefined the retail rates for all market members, which is considered to be constant in the proposed coordination

process.

The constraints of the coordinated planning model are presented as follows:

(1) Power balance and nodal angle/voltage constraints

PL
ist � ni;PVP

PV
ist + ni;ESS

�
PESS
istc � PESS

istd

�
+ ui;BSP

B
ist +

X
j˛4i

Pijst = 0 (Equation 15)
QL
ist + ni;ESSQ

ESS
ist +

X
j˛4i

Qijst = 0 (Equation 16)
Vmin % Vist %Vmax (Equation 17)
qmin % qist % qmax (Equation 18)

where PESS
istc and PESS

istd denote the charging and discharging power of the storage system, respectively; PPV
ist denote the available gener-

ation power of rooftop solar system;QESS
ist andQL

ist denote the reactive power of energy storage system and residual load, respectively.

Vmin and Vmax depict the boundaries for the amplitude of the voltage; qmin and qmax depict the boundaries of the phase angle of the

voltage.

(2) DER-related constraints
The constraints of solar power and ESS system are shown in Equations 19, 20, 21, 22, 23, and 24, respectively.

0 % PPV
ist %PFPV

ist (Equation 19)
0 % PESS
istc %PESS

ic max (Equation 20)
iScience 27, 109290, March 15, 2024 11
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0 % PESS
istd %PESS

id max (Equation 21)
EESS
ist = EESS

ist� 1 + hESS
i PESS

istc � PESS
istd

	
hESS
i (Equation 22)
EESS
i min % EESS

ist %EESS
imax (Equation 23)
EESS
is0 = EESS

isT (Equation 24)

where PFPV
ist denotes the available solar power; PESS

ic max and PESS
id max are the maximum amounts of charged and discharged power, respectively,

for an energy storage system (ESS); hESSi is the efficiency of the energy storage; EESS
ist , EESS

i min and EESS
i max are the capacity limits of the energy

storage; EESS
is0 and EESS

isT are stored energy levels in of the energy storage in the first and the last time slot.

(3) Power flow constraints

The power injection and the capacity constraint of the transmission line can be expressed as follows:�
Pijst

�2
+
�
Qijst

�2
%
�
Sijst

�2
(Equation 25)
Pijst = gij

�
V2
ist � VistVjst cos qijst

� � bijVistVjst sin qijst (Equation 26)
Qijst = � bij

�
V2
ist � VistVjst cos qijst

� � gijVistVjst sin qijst (Equation 27)

When the network losses are ignored, the linear power flow equations are as follows:24

Pijst = gij



V2
ist � V2

jst

�
2

� bij

�
qist � qjst

�
(Equation 28)
Qijst = � bij



V 2
ist � V 2

jst

�
2

� gij

�
qist � qjst

�
(Equation 29)

where gij and bij denote the susceptance and conductance of the distribution network, respectively; Vist and qist denote the voltage

amplitude and phase angle, respectively. A relaxation approach for non-convex constraints (25) is applied to linearize the original

primal problem, as shown in Figure S4. The area of a circle can be approximated by the area of its inscribed polygon consist of a

set of lines.

Let the number of segments of the boundary circle be denoted by M, i.e., j = 2kp
M , k ˛ 1; 2:::M: Then, constraint (25) can be linearized in a

piecewise form as follows:

Pijst cos j + Qijst sin j% Sijst cos
j

2
(Equation 30)

(4) QoS-related constraints

As indicated above, constraints (1)-(5) represent CR and DTR requirements, and constraints (6)-(9) represent base station capacities

requirement. In the M1 and CPCP strategies, these two requirements should be satisfied at the same time. However, in the M2 strat-

egy, only constraints (6)-(9) should be satisfied. Besides, it is worth mentioning that the objective functions (1)-(3) are also nonlinear

constraints. Due to the high computational burden incurred by nonlinear problem solvers, a linearization method is introduced in

next section.

Solution algorithm

In this section, we propose a transformation method for constraints (1)-(3) based on a multiple linear regression model to obtain equivalent

constraints in linear form.

(1) Transformation

Based on the derivation of Equations 1 and 2, we propose the following theorem.

Theorem 1: The constraints dn� i Ra and cn� i R b can be considered equivalent to SNRn� i R t1 and SNRn� i R t2.
12 iScience 27, 109290, March 15, 2024
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Proof 1: Equations 1 and 2 are functions of the SNR, and their partial derivatives are as follows:

vd

vSNR
= l $

241 � Q

0@ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2SNR

BN

R

r 1A35l� 1

$
1ffiffiffiffiffiffi
2p

p exp

�
� SNR

BN

R

�
(Equation 31)
vc

vSNR
=

B

ln 2$SNR$K
(Equation 32)

Since the SNR is always greater than 0, we can draw the following conclusions:

vd

vSNR
R 0 and

vc

vSNR
R 0 (Equation 33)

Therefore, d and c increase monotonically with respect to the SNR. Thus, Theorem 1 can be proven:

dn� i R a⟺ SNRR arg dn� ija (Equation 34)
cn� i R b⟺ SNRR arg cn� i jb (Equation 35)

Based on Theorem 1, the CR and DTR requirements can be considered equivalent to a basic guarantee concerning the SNR.

(2) Multiple linear regression Estimation
The SNR is still nonlinear in Equation 3. According to the principle of least squares linear fitting in amultidimensional space, the regression

equation for SNRn� iðTE
n Þ can be reformulated as follows:

SNRn� i = TEC + ε (Equation 36)

where SNRn� i is a random vector consisting of the k3 1-dimensional observations; TE is a matrix determined by k3 (n+1) predictors; C de-

notes a vector of (n+1)3 1 unknownparameters, with c0; c1.; cn being regression coefficients, which represent the unrelated contributions of

each independent variableWE
jn toward predicting the dependent variable SNRn� i;j; and ε is a k3 1 vector of errors between the predicted and

true values.

Theorem 2: When EðεÞ = 0, the regression coefficients bC calculated using the ordinary least squares (OLS) method are an unbiased es-

timate of C.

Proof 2: The regression coefficients based on OLS method can be obtained by minimizing the total squared errors:�
TE
�T
TE bC =

�
TE
�T
SNRn� i (Equation 37)

whereccn is the OLS estimator and its matrix notation is bC .25 Noted that the variables TE
1 ;T

E
2 ;.;TE

n are linearly independent, that is to say, the

inverse of ðTEÞTTE , denoted as x, will exist.

Then, by multiplying the inverse of ðTEÞTTE , i.e., x, the Equation 29 can be transformed to the following form:

bC = x$
�
TE
�T
SNRn� i (Equation 38)

We can use the definition of SNRn� i to rewrite the OLS estimator as follows:

bC = x $
�
TE
�T�

TEC + ε

�
= C + x$

�
TE
�T
ε (Equation 39)

Therefore, the expectation of bC is:

Eð bCÞ = C + x $
�
TE
�T

$EðεÞ = C + x $
�
TE
�T

$ 0 = C (Equation 40)

Thus, when EðεÞ = 0, the expectation of the parameter estimator dSNRn� i = TE bC obtained via the OLS method approximates its true

value SNRn� i . Furthermore, the constraints SNRn� i R t1 are equivalent to TE bC R t1.

Data resources

We first conduct the case studies in the IEEE 33-bus system. Each node represents an MGwith adjustable loads and is also a candidate point

for the construction of PV panels, ESSs and BSs. The discount rate a was set to 5%, and the service lives of the PV panels, ESSs andBSs were set

to 10, 7 and 5 years, respectively. Therefore, the annual investment equivalent coefficients for PV panels, ESSs and BSs were 0.1295, 0.1728,

and 0.231, respectively. Accordingly, mOpe and w are set to 1+0.5a and 229.68. The investment costs for an ESS with a 20MWh capacity and an

equivalent 5G communication BS for an MG were taken to be $ 13106 and $ 63 106, respectively, and the investment cost for a 1-MW
iScience 27, 109290, March 15, 2024 13
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solar panel was taken to be $ 2:43 105. The yearly load and solar power data are from Pecan Street website.26 The yearly LMP data are from

PJM.27

The relevant parameters of energy storage system are shown in Table S1.28 We chose to model a macroscale base station and the param-

eter of the corresponding path-loss model is shown in Table S2, and the other related parameters of the communication network are also

listed in the same table.29
14 iScience 27, 109290, March 15, 2024
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