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Abstract—Reducing the power consumption of base transceiver
stations (BTSs) in mobile communications networks is typically
achieved through energy saving techniques, where they can
also be combined with local power generators to create a
hybrid power system (HPS). Such a system has reduced power
consumption and operational cost, without taking the advantage
of real-time energy management. In this paper, we introduce the
smart HPS that can facilitate energy consumption scheduling
(ECS) via an intelligent connection to the power grid. In doing
so, we first develop sensor control and communication systems
with an embedded smart ECS unit for the HPS. Then, we
propose a real-time energy management algorithm to reduce
the operational cost of BTS, according to real-time pricing and
estimating demand and supply. The numerical results presented
show a significant reduction in the BTS operational costs. We
also develop a techno-economic and sizing analysis to describe
the total cost of the smart HPS taking the real-time energy pricing
into account. Since the lifetime of the operating system can be
quite long, our results show that there is possibility to make a
profit.

I. INTRODUCTION

Recent years have seen a surge in research on the power

consumption aspect of wireless and cellular networks due to

the increasing concern on rising global energy demand and

decreasing the industry’s overall carbon footprint. The power

consumption of cellular networks also constitutes a large por-

tion of operating expenses for service providers [1], [2]. Within

a cellular network, the power needed to run a base transceiver

station (BTS) as well as the corresponding cooling facilities

forms the major share of energy consumption. This increases

the motivation for the development of BTS energy savings

techniques and/or finding new solutions for the uninterruptable

and alternative BTS power supplies.

Previous methods for reducing the power consumption of a

BTS can be largely classified into the next four categories

[2]. One approach is to relocate the radio frequency (RF)

converters and power amplifiers from the base of the station

to the top of the tower close to the antenna and connecting

them via fiber cables [3]. The second method is based on

exploiting the economy mode (ECO) feature, e.g. turning the

transceivers on/off during low traffic conditions [3], to improve

BTS energy efficiency. The third possibility is to use advanced

climate control for air conditioners to conserve power and/or

using passively-cooled cabinets [4]. The last scheme is based

on using higher efficiency rectifiers as part of BTS installations

[2].

Renewable energy sources such as wind and solar power

represent attractive and economic solutions for alternative BTS

energy sources. These resources jointly with non renewable-

based electricity generators, such as diesel generators and

electrical grid, can create a hybrid power system (HPS) to

provide a more reliable power supply for BTSs, while reducing

the operational cost of BTSs. As examples of such systems,

[5], [6] and subsequently [7] have proposed a hybrid solar-

wind-batteries-diesel/electric grid system that can substantially

reduce the operational cost. In [7] a time-step algorithm has

also been proposed to size properly the hybrid system, in order

to partially- or fully-meet the load demands of a BTS, while

evaluating the amount of CO2 emissions. Moreover, the HPSs

require control and communications systems to locally and

resourcefully manage supply and demand within a BTS. In

this paper, we first develop a sensor control system and com-

munications network to facilitate power measurements from

BTS loads and local generators, and provide communications

among sensor nodes.

Previously proposed HPSs can work in two disconnected

and connected modes of operations, according to measuring

shortage and surplus in electrical power. In the former mode,

it locally balances supply and demand and if there is a surplus

in energy, there is no possibility to transfer/sell this energy to

the grid. In the latter mode, the HPS employs the power grid

besides local energy resources to balance supply and demand.

In this case, there is no capability for energy consumption

scheduling (ECS) to facilitate real-time energy management,

and consequently reduce further cost of operation. To address

these problems, this paper introduces the new concept of the

smart hybrid power system (SHPS), based on real-time energy

management, in which our main objective is to optimize the

cost of BTS operation according to real-time pricing, demand

and supply estimation. We thus consider estimating the amount

of electricity produced by renewable energy generators over

different time slots, in order to schedule energy consumption

within a BTS.

With the aim to implement real-time energy management, a

SHPS is considered as a combination of local power generators

and a smart ECS unit, which can facilitate the selling and
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buying of electricity from the power grid. In this case, the

communication network related to the SHPS need to be

integrated into a smart grid communications infrastructure in

order to provide connectivity with the utility operation center.

Since the SHPS has the ability to shift the cooling load into

a time slot with a lower price, from utility perspective this is

beneficial for mitigating peak demand, while from the mobile

operator it is advantageous for reducing the operational cost.

Moreover, we investigate the performance of the proposed

method while taking actual real-time price tarrifs. The numer-

ical results show that the proposed technique can significantly

reduce operational cost. Finally, we provide a techno-economic

analysis, which is based on the algorithm proposed in [7]. This

analysis adjusts the total cost of the SHPS according to new

factors, such as the cost associated with the sensor network and

communications infrastructure, and real-time energy pricing.

The rest of the paper is organized as follows. In Section II

the HPSs model and its components are described, including

the development of the sensor control system and local wire-

less sensor network. In Section III the smart hybrid power

system and the formulation of the cost optimization problem

based on real-time energy management are introduced. In

Section IV the techno-economic analysis for the proposed

SHPS is presented. Numerical results are discussed in Section

V, while Section VI concludes the paper.

II. A POWER HYBRID SYSTEM FOR BTS

This section provides an overview of the BTS HPS de-

scribed in [7], with a focus on its major components and the

related energy-efficient BTS operation. We then describe the

control system and local communications network required for

the hybrid system.

A. Power System Model

Consider a BTS with a HPS, as illustrated in Fig. 1. This

system includes renewable generators, local power generators,

energy storage devices, and power consumption model. Re-

newable energy sources, such as wind and solar, are con-

sidered, while energy storage devices and local generators

includes batteries and diesel generators.

The power consumption model consists of two major parts.

The first part is related to the AC power consumption, a

power figure which is mainly consumed in a BTS cooling

system. The second part is associated with the DC loads

corresponding to radio equipment, such as power amplifiers

and mixers/converters. In order to describe the BTS energy

saving strategies facilitated by the hybrid power system, we

first define variables related to the loads and generators.

Let PBTS(t) represent the total power consumed in the

time slot t ∈ T = {1, ....., T} via AC and DC loads,

denoting by A(t) and D(t), respectively. The produced energy

by the photo-voltaic (PV) generators and wind turbines are

represented as Pp ∈ Pp = {Pp(1), ...., Pp(T )} and Pw ∈
Pw = {Pw(1), ...., Pw(T )}, correspondingly. Let ni, nr, and

nc denote the efficiency of the inverter, rectifier and converter,

respectively. Pb(t) represents the amount of power consumed

Fig. 1. The HPS including sensor control and communications systems.

or provided by the batteries. If Pb(t) < 0, then the batteries are

recharging, while if Pb(t) > 0, then they are supplying energy.

The parameter Pd(t) also denotes the energy provided by the

diesel generator. The amount of energy exchange between the

BTS and the grid is defined as Pg(t). We assume Pg(t) > 0
or Pg(t) < 0 when the hybrid power system has surplus or

shortage in energy. The essential air condition consumption

,Tin, is defined by the under limit, Tunl, and upper limit, Tupl,

of the indoor temperature.

The HPS exploits various energy saving strategies to provide

BTS energy efficiency. One of these methods is to use ECO

strategy to turn radio equipment and receivers off and reduce

the number of active users Nu with the lower limit Numin.

There is also possibility to shifting the cooling load to a

latter hour when the power consumption is low and/or there is

surplus power due to generating nonrenewable sources. Cell

size has strongly effect on the BTS power consumption, as the

transmit power determines the range of the wireless signal. In

this case, adjusting cell size can reduce or increase power

consumption which is given as [8]

PBTS = ζ1
Z

R2
+ ζ2NuR

η, (1)

where Z is an area with an homogeneous cell size, R is the

cell size, ζ1 and ζ2 depend on various parameters used in the

model and η is the associated path-loss exponent.

The HPS in [7] uses the nearly instantaneous balance

between the total power generation α = Pp(t)nc + Pw(t)nr

and the total power consumption β = D(t) + A(t)/ni as a

criterion to choose different energy saving strategies at time

slot t. Table I summarizes these strategies according to this

selection criterion.

B. Control and Communications System

An intelligent control system is essential for stable and

reliable operation of the BTS HPS. This system is composed

of sensors, actuators, and a control unit as shown in Fig. 1.

Globecom 2013 - Symposium on Selected Areas in Communications

2796



TABLE I
ENERGY SAVING STRATEGIES FOR THE HYBRID POWER SYSTEM

ACCORDING TO BALANCE BETWEEN TOTAL POWER GENERATION α AND

TOTAL POWER CONSUMPTION β .

Case Energy Saving Choices
α > β - Charging batteries

- Decreasing indoor temperature
- Increasing the coverage area of the BTS

α < β - Decharging batteries
- Purchasing energy from the utility
- Producing energy by the diesel generator
- Decreasing the coverage area of the BTS
- Shifting the cooling load to a latter hour
- Using ECO mode
- Adjusting the cell size

α = β - Supply locally demand and no connection to grid

Sensors/actuators are attached on rectifiers, converters, power

generators and loads to sense and measure various parameters,

such as active power and passive power for processing in

control unit. The control unit performs several major functions

as follows:

• Managing power generators including diesel generator,

wind, solar, and battery storage to modulate their output

power levels according to the power consumption of the

loads;

• Determining surplus and shortage in electrical power

based on the total power generation and the total loads;

• Connecting or disconnecting the hybrid system to the grid

through AC switch;

• Establishing energy saving strategies defined in Table I

to reduce power consumption; and

• Control and monitoring rectifiers, converters, and other

sensors/actuators.

It is evident that for a reliable tight control of the system, a

communications network is necessary to enable connectivity

between the control unit, loads, power generators and other

sensors/actuators located within BTS. Considering the appli-

cation, a low-cost reliable wireless communications would

be best for this case. An efficient candidate of wireless

communication is wireless sensor networks based on IEEE

802.15.4 standard, using ZigBee technology. This technology

is a low cost, low power that can be used for control and

monitoring the HPS. Fig. 1 illustrates a ZigBee-based wireless

sensor network for the HPS, where mesh topology provides

high reliability communications links from power generators,

rectifiers, converters, and loads to the control unit. This can

be achieved through redundant paths suing mesh routers and

a coordinator.

III. THE SMART HYBRID POWER SYSTEM

A. Real-Time Energy Management

As previously explained, the conventional BTS HPS has

the capability to connect and disconnect from the electrical

grid, according to measuring shortage and surplus in electrical

power. In the case of disconnection, it locally balances supply

and demand, and there is no capability to sell the surplus

energy to the grid. The conventional HPS also employs the

power grid and local energy resources to balance supply and

demand, when it is connected to the grid. In this case, there is

no any intelligent connection between the utility control center

and the hybrid system, that provide real-time management

information such as pricing to facilitate ECS capability. As a

solution to above problems, we propose the SHPS in which the

BTS is equipped with an ECS unit for scheduling the power

consumption. In doing so, ECS uses bidirectional communica-

tions to obtain real-time energy management information such

as real-time pricing and has an ability to respond to the price

in electric market.

B. Real Time Pricing and Cost Optimization

Real time pricing programs are typically an electric supply

rate option offered by the utility, in which consumers pay

electricity supply rates that vary by the hour or the time slot.

In this case, prices are typically set over different time slots

or hours in advance, and sent to the SHPS. Then, ECS can

estimate the demand α and supply β for a time slot and make

a decision to buy or sell electricity. This can consequently

facilitate the balance between supply α and demand β such

that the total operational cost is reduced.

Now, in order to formulate real-time cost optimization, let

g(t) denote the price in which the BTS buys or sells electricity

to the grid at a time slot t. The cost of electricity provided

by the diesel generator is a quadratic function of real power

generation which is given by [9],

d(t) = aPd(t)
2 + bPd(t) + c, (2)

where a, b, c are constant and defined for each time slot t. The

amount of renewable generation of energy can be predicted for

the next few minutes based on past measurements [10]. Let x̂
denote the expected value, denoted by E{·}, of x for the next

few minutes based on past measurements and can be defined

as [11]

x̂(t) = E{x(t)|x(t− 1), x(t− 2)....}. (3)

Moreover, let ỹ denotes the estimated value for y when x takes

its expected value.

At the beginning of each time slot t, ECS first obtain an

estimate of renewable generations β̃ using

P̂w(t) = E{Pw(t)|Pw(t− 1), Pw(t− 2)....}, (4)

P̂p(t) = E{Pp(t)|Pp(t− 1), Pp(t− 2)....}. (5)

This follows by computing an estimation of demand α̃
through the estimation of the average values Ã and D̃.

Estimating the values for α̃ and β̃, there are the three following

cases.

1) α̃ < β̃: By receiving real-time prices for the next n time

slots, the ECS attempts to schedule the energy by solving the
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following problem:

min
˜Pg(t), ˜Pd(t)

tn∑
t=t1

(
P̃g(t)g(t) + P̃d(t)d(t)

)
s.t. Em(t) ≤ 0, t = t1, . . . , tn.

Tunl < Tin(t) < Tupl

R(t) > Rmin

Nu(t) > Numin.

Pb(t) ≥ 0

(6)

In (6), Em can be written as

Em =
(
P̃d1 + P̂w + P̃g1

)
nr

+
P̃d2 + P̃g2 − Ã

ni
+ P̂pnc − D̃,

(7)

where Pd1, Pg1 represent the amount of the energy supplied

by the diesel generator and the grid, respectively, for the DC

part of consumption or batteries through Part 1 and Pd2, Pg2

are the energy that supply by the diesel generator and the grid,

respectively, for the AC part of consumption. We also assume

that Pb(t) ≥ 0, which implies that there always exists a backup

energy in case that there is any interruptions or shortage in

power due to an power estimation error or power failure. The

problem described in (6) is a convex minimization one, that

can be solved using common subgradient methods that are

computationally tractable.

2) α̃ > β̃: ECS can communicate to the utility for selling

electricity and/or facilitate energy saving strategies, such as

charging batteries, decreasing indoor temperature, and increas-

ing the coverage area of the BTS, as indicated in Table I.

3) α̃ = β̃: In this case, ECS can locally balance demand

and supply, without any connection to the grid for selling or

buying the electricity.

The following algorithm lists the stages of execution for the

real-time energy management that is performed by ECS. As

Algorithm 1 : Executed in each time slot t

1: Collect sensing data from all sensor nodes

2: Estimate values P̂w(t), P̂p(t), Ã, and D̃

3: Compute α̃ and β̃
4: If α̃ < β̃, read electricity price g(t)
5: Solve the cost optimization problem described in (6)

6: Communicate to grid to send determined values P̃g(t)

7: Set diesel unit to generate determined values P̃d(t)
8: Send control message to all the power units

9: Ensure that the power electronics (rectifiers, converters,

inverters) operate at their peak efficiency over virtually

all conditions

10: If α̃ > β̃, sell electricity to the grid and/or choose the

energy saving strategies according to Table I

11: If α̃ = β̃, exit the real-time management algorithm

ECS determines the energy saving strategies, control message

are sent to to all the power units, while it ensures that the

power electronics (rectifiers, converters, inverters) operate at

their peak efficiency over virtually all conditions [7].

ECS is embedded within the control unit, which requires to

communicate with the utility control to obtain real-time energy

management information, and also send demand estimation

to the utility center. There are two possible communications

with the utility center, through a smart grid communications

infrastructure or a commercial network. Fig. 2 illustrates

communications links between the control unit and the utility

center.

Fig. 2. The SHPS including ECS and communications links to the utility
operation and control.

IV. TECHNO-ECONOMIC ANALYSIS

In this section, we propose a sizing model for the hybrid

system, based on the algorithm proposed in [7]. The cost of a

hybrid system depends on the following factors: the nominal

power of wind and PV power generators, the number of

batteries, the life time of the hybrid system, the usage of diesel

generator or grid, the replacement cost of batteries, the capital

and the operational cost associated with the sensor network,

and the maintenance cost of the hybrid system. From all the

suitable combinations of parts of hybrid system, optimum is

the one with the lower cost. The present value of the total cost

can be given by

Vp = Vc + Vm + Vi − VS + Vr, (8)

where Vc is the initial capital cost of the system [7], which

depends on the nominal power of wind turbines (Pwn), the

nominal power of the PV generators (Ppn), the nominal power

of diesel generator (Pd), the number of batteries (Nb) and

their costs and the cost associated with the sensor network

and the communication infrastructure. Moreover, Vm is the

present value of the total maintenance cost of the system, Vi

is the present value cost of energy which is provided from

diesel generator and grid for all the years, VS is the present

cost of the renewable energy that the BTS provides to the grid
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and Vr is the total replacement cost for all the lifetime of the

system. Loss of load probability is defined by S, while its

upper limit is defined by L.

min
Pr,Np,Pd

Vp

s.t. S ≤ L

CE ≤ CEmax

(9)

In the previous equation S can be described as

S =
τ

T
, (10)

where T is the number of hours in this study with weather

data input and

τ =
T∑

t=0

D [(Pd1 + Pw + Pg1)nr + Ppnc

+
Pd2 + Pg2 −A

ni
−D < 0

]
.

(11)

In (10), D [q] denotes the time duration where the q event is

true. Moreover, CE is the carbon emissions, while CEmax is

its upper limit.

Table II summarizes a techno-economic analysis with vari-

ous configurations for the SPHS, using the real time prices and

the hourly weather data used in [7]. We consider the lifetime

of the system equal to 25 years, while we set L = 0.

TABLE II
A TECHNO-ECONOMIC ANALYSIS (IN DOLLARS) WITH VARIOUS

CONFIGURATIONS FOR THE SMART POWER HYBRID SYSTEM.

Ppn Pwn Vc Vm Vi Vs Vr Vp

1 1 5000 200 1341 943 500 6098
1 2 7000 200 884 6254 500 2330
2 1 6000 200 1031 3939 500 3792
2 2 8000 200 646 9279 500 67

Moreover, we found that by increasing the nominal power

of the renewable generators, we could further reduce Vp and

even make a profit.

V. NUMERICAL RESULTS AND DISCUSSION

In this section, numerical and simulation results are pre-

sented to demonstrate the performance of the proposed smart

hybrid method. More specifically, the operational cost and the

demand and supply estimation are evaluated along with the

optimized power consumption achieved. For the purpose of

this study, we use the actual hourly real time prices adopted by

the Illinois power company [12], as shown in Fig. 3. Without

loss of generality, we assume a diesel generator with constant

parameters a = 0.002, b = 0.005, c = 0.015 and rectifiers

and converters with parameters ni = nr = nc = 1. We also

assume that the SHPS sells energy to the grid at the same price

as it costs for buying electricity from the grid. The hourly

prices of electricity are updated every one hour for the time

horizon of two hours, while the SHPS executes Algorithm 1

every one hour. Further, it is assumed that half of the cooling
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D
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Fig. 3. The actual hourly real time prices for 24 hours daily measured in
2/1/2013 from the Illinois power company [12].

load from the present hour can be shifted to the next hour, if

the electricity price, g, is lower.

Fig. 4 shows the actual average of renewable power gen-

erations (α) and BTS power consumption (β) in comparison

with the estimated value of renewable power generations and

BTS power consumption. Both estimated and actual values for

power consumption are almost the same, while these amounts

are slightly different for renewable power generations. This

was expected due to the variable nature of renewable energy

sources. As a result, the estimation error can have very small

impact on the performance of the proposed algorithm in terms

of the cost of operations.
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Fig. 4. The actual average of renewable power generations (α) and power
consumption (β) in comparison with the estimated value of renewable power
generations and power consumption.

Fig. 5 presents the estimated value of renewable power gen-

erations and the optimized values of BTS power consumption

using the SHPS. This also includes the estimated value of

diesel generation and the amount of electricity supplied by

the grid. The results show that the proposed method perfectly
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balance estimated demand (β) and supply (α), whenever there

is a shortage through using diesel generators or the power

grid. When there is a surplus energy, e.g. between t = 10
and t = 16, the SHPS sells electricity to the grid, representing

with negative value of energy shown in Fig. 5. The results also

show that the smart hybrid system rely on diesel generator for

a short periodic of time (t = 8), in which g(8) > d(8), to

compensate a shortage in energy which can have very low CO2

emissions, while by efficiently using the renewable energy-

giving the surplus to the grid-the total CO2 emissions are

minor.
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Fig. 5. The estimated renewable power generations and the optimized
BTS power consumption, the estimated diesel power generations and energy
required from the grid with using the SHPS.

Fig. 6 shows the hourly operational cost of the BTS system

for three difference cases: 1) the HPS only use diesel power

generator for supplying shortage in power, 2) the HPS only

uses the grid for supplying shortage in power, and 3) the SHPS

balance demand and supply using real-time energy manage-

ment, while it uses both the grid and the diesel generator.
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Fig. 6. The hourly operational cost for HPS uses only diesel power generator
and HPS uses only the grid, and for the SHPS with real-time energy
management.

As we can see in Table III which summarizes the daily cost

of the three systems, the daily operational cost of the SHPS is

about 61 % and 51 % significantly reduced, comparing with

the daily operational cost of both cases for the HPS.

TABLE III
A COMPARISON OF DAILY OPERATIONAL COST FOR THE HPS ONLY USE

DIESEL POWER GENERATOR, THE HPS ONLY USES THE GRID AND THE

SHPS.

System Configuration Daily Cost in Dollars
HPS with diesel 0.2770
HPS with grid 0.2219
SHPS 0.1082

VI. CONCLUSIONS

In this paper, we proposed a smart hybrid power system

(SHPS) for a BTS taking real-time energy management into

account. In this regard, we developed a sensor control system

and a wireless sensor network for the hybrid power system

(HPS). A real-time energy management algorithm was pro-

posed to reduce the cost of BTS operation according to real-

time pricing, demand and supply estimation. This can provide

the HPS with the ability to selling and buying electricity

from the power grid. Simulation results verified that the

proposed smart hybrid method can remarkably reduce the

operational cost of the BTSs. A techno-economic analysis was

performed to obtain the total cost of the hybrid power system

according to the cost associated with the sensor network and

communications infrastructure, and real-time energy pricing.
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