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Abstract: The heterogeneous network (HetNet) is a specified cellular platform to tackle the rapidly
growing anticipated data traffic. From a communications perspective, data loads can be mapped
to energy loads that are generally placed on the operator networks. Meanwhile, renewable energy-
aided networks offer to curtailed fossil fuel consumption, so to reduce the environmental pollution.
This paper proposes a renewable energy based power supply architecture for the off-grid HetNet
using a novel energy sharing model. Solar photovoltaics (PV) along with sufficient energy storage
devices are used for each macro, micro, pico, or femto base station (BS). Additionally, a biomass
generator (BG) is used for macro and micro BSs. The collocated macro and micro BSs are connected
through end-to-end resistive lines. A novel-weighted proportional-fair resource-scheduling algorithm
with sleep mechanisms is proposed for non-real time (NRT) applications by trading-off the power
consumption and communication delays. Furthermore, the proposed algorithm with an extended
discontinuous reception (eDRX) and power saving mode (PSM) for narrowband internet of things
(IoT) applications extends the battery lifetime for IoT devices. HOMER optimization software is used
to perform optimal system architecture, economic, and carbon footprint analyses while the Monte-
Carlo simulation tool is used for evaluating the throughput and energy efficiency performances. The
proposed algorithms are validated through the practical data of the rural areas of Bangladesh from
which it is evident that the proposed power supply architecture is energy-efficient, cost-effective,
reliable, and eco-friendly.

Keywords: heterogeneous network; renewable energy; internet of things; optimal power systems

1. Introduction

The world is heading into an era of highly dense wireless networks which demand
specific requirements, such as tens of Gbps data rates and around 10 years of battery life
for low powered IoT devices. Cellular base stations are the main consumers of the energy
used by mobile operators, e.g., around 57%, as mentioned in [1]. A recent estimate of
energy consumption and greenhouse gas (GHG) emissions by mobile networks are around
130 TWh and 110 MtCO2e per year, respectively. The total annual carbon footprint is about
200 MtCO2e, when the mobile phone emissions are included [2], and this amount has
been increasing at a yearly rate of 10% [3]. According to [4], 11% of the world’s energy
generation source are renewable energy sources (RESs). At this rate, annually at least 12.1
MtCO2e GHG emissions have been reduced due to the use of RESs in the mobile industry.
Furthermore, according to the International Energy Agency, worldwide energy demand is
estimated to increase by around 9% from 2019 to 2030, which is equivalent to 1870 million
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tons of oil [5]. However, the reservations of global coal, oil, and natural gas remaining,
warrant the needs for alternative sources of energy [6], e.g., renewable energies. High
QoS at low costs is a challenge for cellular industry services because the pricing of cellular
services has been reducing gradually [7]. The use of RES for powering the BSs can be a
solution to this challenge. As such, efficient energy usage is one of the crucial foci of mobile
industries aiming at the reduction of costs and emission-intensive carbon footprints while
maintaining a guaranteed QoS. Therefore, bringing in renewable energy (RE) from the
locally available sources has become an important aspect [8–10].

Bangladesh is a developing country, located between 33◦ N and 39◦ N latitude and
between 124◦ E and 130◦ E longitude, where about 63.37% of the population live in the
rural areas but only 59% of them have access to electricity [11,12]. At present, Bangladesh
has 181.32 million mobile connections [13] and around 90 million unique subscriptions,
where the 4G network coverage reaches 95 percent of the population [14]. Mobile operators
in Bangladesh have invested 898.2 million US$ for the combined 4G spectrum in March
2021 [15]. According to [16], Bangladesh had more than 36679 GSM BSs until 2017, which
consumed around 642 million kWh of energy. A total of 14% of the total BSs are off-grid and
81% of those off-grid BSs are powered by a diesel generator (DG) plus battery system [17].
The country has immense prospects of RESs such as solar, wind, biomass (agriculture
residue), and geothermal [11,18]. As a result, it can be an ideal area to propose a RES
based power generation infrastructure. Bangladesh has an average sunlight intensity
within the range of 4–5 kWh/m2 per day as well as more than 350 prospective oil-bearing
crops that harvest biodiesel, for example, J. curcas, sunflower, sesame, castor, cottonseed,
and groundnut oils [19]. According to [20], potential biomass sources in Bangladesh are
213.81 million tons, where energy content is 1344.99 PJ and possible electricity generation
from the source is 373.71 TWh, which is equivalent to the consumption of 45.91 million tons
coal or 34.01 billion cubic meters of gas. With the proper modeling and help from modern
technologies, Bangladesh can harvest around 70 PWh and 7682 GWh electrical energy per
year from the solar and biomass resources, respectively, by 2030 [21,22]. Therefore, by
integrating solar and biomass energy sources with adequate energy storage devices can be
used to ensure a reliable RE-based supply system.

The use of renewable energy efficiently in the field of mobile cellular communication is
one of the trending research topics. Moreover, research on large scale deployment of energy-
efficient IoT devices will highly influence the future mobile industry. A standalone solar
photovoltaic (PV) with sufficient storage device powered cellular BS has been introduced
in [1,9,23,24], considering real-time dynamic solar radiation profile. Although in these
studies energy efficiency (EE) is critically justified with both technical criteria and financial
viability, in the issue of reliability it has some drawbacks. Therefore, authors in [25,26] have
suggested the incorporation of diesel generator (DG) as a non-renewable energy source
with solar PV for fueling the off-grid cellular BSs. But this system increases the carbon
footprint. Moreover, transportation of fuel for DG in remote areas is not economically
efficient. An integration of multiple RESs has been proposed in [27–29]. In [27], a solar PV
and BG based hybrid supply model has been proposed for an off-grid homogeneous cellular
network. In [28], proposed a hybrid solar PV/wind turbine (WT)/biomass generator (BG)
powered energy supply system has been proposed for macro BSs in Bangladesh. The works
in [29,30] use a solar PV and WT coupled supply system framework with and without an
energy sharing policy for a homogeneous BSs setup. It is clear from [31], an integration
of hybrid RESs with storage devices can assure reliability and minimize the gap between
consumption and generation of energy. For example, in an urban area in Germany, Nokia
Siemens has established a mobile BS setup powered by hybrid solar PV/WT [32].

Energy sharing between the adjacent cells through resistive power lines or smart grid
has been used in [33–35]. Agglomerative and divisive hierarchical clustering algorithms
are established with average energy affinity (AEA) and stochastic energy affinity (SEA)
metrics to propose an energy sharing model among BSs in [33]. A RE-based community
scale energy planning has been proposed by [36] to get a reasonable reduction in energy
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use and GHG emissions. In [37], the authors proposed an optimized community-shared
solar PV framework. An optimal energy cooperation framework among cellular BSs has
been proposed in [34], where both RE and grid have been incorporated using physically
connected resistive power lines. An energy cooperation model between macro BSs has
been demonstrated in [35]. From the aforementioned research articles, it is clear that the
on-site green energy sharing between BS’s is affordable and it makes the systems reliable
and cost-effective.

An efficient resource scheduling algorithm can optimize the tradeoff between different
QoS requirements for specific applications. A minimum guaranteed throughput scheduling
algorithm for NRT applications has been introduced in [38]. One of the most popular
solutions for the resource scheduling of NRT applications is the proportional fair (PF)
scheduler, which successfully incorporates the cell throughput and fairness. However, it
ignores the queue size and does not attempt to improve the power saving from the DRX
operation. A channel-adapted and buffer aware (CABA) packet scheduling algorithm has
been proposed [39], which considers the queue size. However, this stand-alone proposal
cannot take all the advantages of the popular PF scheduler. The work in [40] considers
energy metrics at the base station, with a certain rate guarantee for each mobile station. A
radio resource allocation framework is proposed in [41] to ensure proportional fairness
among the user equipment (UE). A few solutions that make such resource allocators capable
of supporting both guaranteed bit-rate and best-effort traffic are proposed in [42]. A new
scheduling scheme, named the proportional equal throughput (PET) [43], which offers
better fairness among users without reducing average user throughput, in comparison with
other scheduling algorithms.

In [44], a context-conscious sleep and wake-up cycle of the fog nodes have been pro-
posed in the target of energy minimization at the fog layer. Authors in [45,46] analyzed the
effects of the DRX parameter on UE’s energy saving and latency. Nokia has an exploration
on industrial DRX, which is illustrated in [47]. It is well recognized that power-saving and
delays are always a tradeoff. To optimize the tradeoff, several DRX algorithms have been
introduced in [48–52]. On the other hand, PSM and eDRX are two solutions to optimize
the device power consumption proposed for EC-GSM, LTE-M, and NB-IoT technologies
for delayed insensitive but energy sensitive applications, which have been introduced in
3GPP Rel.12. In [53], the authors have conducted an energy consumption analysis over an
NB-IoT device under different traffic intensities and coverage areas. However, to the best
of our knowledge, there is no such algorithm proposed, where both PSM and eDRX have
been jointly analyzed to ensure optimum battery lifetime.

Therefore, this work is a combined proposal of energy efficient techniques from
the perspective of both energy generation and consumption sides. From the generation
point of view, we propose PV/BG system architecture for operating a rural Long Term
Evolution(LTE) HetNet with a reliable and novel energy sharing policy. To validate the
model, a rural area named Saldanga Union Parishad of Debiganj Upazila under the district
Panchagarh in Bangladesh has been selected, which is located at 26◦7.1′0′′ North, 88◦45.6′0′′

East. From the energy consumption point of view, a sleep mode-based resource scheduling
algorithm has been proposed for both NRT and IoT applications. The key contributions of
this study are summarized below:

• A novel off-grid hybrid solar PV/BG system is proposed for operating an LTE HetNet
in a rural area with reliable services.

• An energy sharing model through an external low loss resistive power line is proposed
for the HetNet cellular environment that ensures the reliability and efficient utilization
of RESs.

• A resource scheduling algorithm is proposed for the NRT and specifically IoT appli-
cations that achieve a large amount of power-savings through permissible delay in
comparison with the existing model.
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• HOMER optimization software is used to obtain optimal system architecture of the
proposed framework and to perform the energy yield analysis, cost analysis and
carbon footprint analysis.

• A Monte-Carlo-based simulation is used to evaluate the model in terms of throughput
and energy efficiency under different bandwidths (BWs), allowing the possibility of
dynamic traffic demand, inter-cell interference, and shadow fading.

The rest of the paper is organized as follows: Section 2 presents the system architecture
and mathematical models of the proposed HetNet architecture. Section 3 summarises the
system implementation and cost modeling. Section 4 analyses the results with the simula-
tion setup. Finally, Section 5 concludes the paper by summarizing the main outcomes.

2. System Architecture and Mathematical Modeling

To serve a large number of users and to run the massive volume of data traffic with
a diverse quality of service (QoS) requirements, mobile operators have introduced the
simultaneous operations of macro, micro, pico, and femtocells, which together form hetero-
geneous networks (HetNet). The typical coverage area radius for macro, micro, pico and
femtocells is 5–30 km, 1–2 km, 200 m and 10 m, respectively. Large-scale deployment and
supervision of IoT devices are becoming a crucial topic in the present day. To facilitate inter-
net connectivity for the enormous amount of low throughput devices, the 3rd Generation
Partnership Project (3GPP) has proposed a new radio technology standard well-known as
the narrowband IoT (NB-IoT). This NB-IoT specification can implement the power saving
mode (PSM) and extended discontinuous reception (eDRX) mechanisms to attain a long
battery life. This eDRX is an extended form of the discontinuous reception (DRX) operation.
DRX operation was included in 4G to achieve the power saving and prolonged battery life.
With the intelligent and optimum use of eDRX, PSM, and DRX mechanisms, a resource
scheduling algorithm can be proposed for IoT and NRT applications with an optimal
tradeoff between latency and power saving.

A schematic diagram of the proposed hybrid solar PV/BG powered rural area-based
off-grid HetNet is illustrated in Figure 1.

Figure 1. A schematic diagram of the proposed system.

The HetNet consists of macro, micro, pico, femto type BSs, where each type of BS has
its specific size, power consumption, and data rate requirements according to the required
QoS. Generally, a small size of BS requires small radiated power due to its small coverage
area. Hence, pico and femto BSs require low power consumption; they are supplied with
solar PV alone. In contrast, macro and micro BSs require high power consumption. As such,
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they are connected to both solar PV and BG, with the BG only activated if PV cannot supply
enough power. To ensure a continuous power supply, a battery bank is connected for each
BS to overcome the shortage or outage of the generation from RES. Here, the power supply
to each base station is controlled via an energy management unit (EMU). The EMU is also
connecting renewable energy sources and energy storage devices. EMU primarily collects
the generated power from renewable energy sources and distributes the generated energy
according to the respective base station requirements. EMU also has the built-in capacity
to reduce overvoltage and overcurrent problems. It consequently improves battery life by
minimizing the intense discharge from the storage unit. A BS is a DC load. However, there
are some AC loads such as a lamp and air cooler that need to be powered. Converters are
used to convert DC into AC and vice versa, as needed. This section presents the proposed
system model along with the renewable energy generation model, BS power consumption
model, and energy sharing algorithm in the context of off-grid LTE cellular networks.
Symbols and notations that are used in the subsequent sections are summarised in Table 1.

Table 1. A list of the symbols and notations.

Symbol Meaning Symbol Meaning

δp Load dependency power gradient ηBM Efficiency of the biomass generator
ηEE Energy efficiency ηeDRX Number of paging intervals in total eDRX period
ηPV Panel efficiency σcool Loss component of cooling system
σDC Loss component of DC-DC regulator σMS Loss component of main supply
τD Data transfer timer τDRX DRX timer

τ′DRX End of DRX timer τeDRX eDRX timer
τ′eDRX End of eDRX timer τi Radio Resource Control (RRC) inactivity timer

τ′i End of inactivity timer τL eDRX long cycle timer
τPSM PSM timer τ′PSM End of PSM timer

τS eDRX short cycle timer τst
τL−τS
ηDRX

χ Poisson packet in queue χiUL/DL UL/DL poisson packet in queue
χiUL UL poisson packet in queue Baut Battery autonomy
Bc Capacity of the battery bank BDOD Depth of discharge of the battery bank

BSOCmin Lower threshold limit of battery discharge C f Capacity factor
CVBM Calorific value of the biomass D Backup days

EBS Annual BS load consumption EBG Renewable energy generated from BG
EBG Generated electricity from BG Ebatt Energy afforded by the battery bank

Ebattmax Maximum capacity of the energy storage devices Ebattmin Minimum capacity of the energy storage devices
ECS Yearly capacity storage ED Total demand of electricity
EED Yearly energy deficiency Eexcess Excess electricity for critical time use (at least 10% of Ebatt)

Egen Total generated electricity El
Sum of converter, battery bank and energy transfer losses

(kWh/yr)
Epv Energy generated from solar PV array (kWh) EShare Shared energy (Permissible up to 90% of Ebatt)

I Current through the conductor Kb Battery capacity co-efficient factor
LBS Average daily BS load in kWh Lbatt Lifetime of the battery bank
N Total number of BSs Nbatt Number of batteries in the battery bank

PBG Annual generated power PBS BS power consumption
P0 Power consumption at idle state PPA Power amplifier power consumption (kWh/yr)

PRF RF power consumption Psleep Power consumption at sleep mode
PTX Maximum transmission power (W) PBB Baseband power consumption

Qnom Nominal capacity of a single battery (Ah) Rbatt Battery float life (year)
Rtotal Total achievable throughput R(l) Resistance of the l km conductor length
Rpv Rated Capacity for solar PV panel (KW) Ta Annual battery throughput (kWh/year)
Tbatt Lifetime throughput of a single battery (kWh) TBM Average biomass availability (t/year)
top BG running hours U Number of user equipments

Vnom Nominal voltage of a single battery (V) V DC bus-bar voltage (Volt)
CC Capital cost Comp Lifetime of the component

CRF Capital recovery factor FC Fuel cost
NPC Net present cost OMC Operation and maintence cost
PSH Peak solar hour RC Replacement cost
Rem Remaining lifetime SINR Signal-to-interference plus-noise-ratio
SV Salvage value TAC Total annualized cost

An overview of the energy-efficient techniques from the prospective of both energy
generation and consumption are shown in Figure 2. We illustrate an overall architecture of
the proposed system and methods to establish our proposed energy-efficient techniques
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from the perspective of both energy generation and consumption sides. By integrating RES
and HetNet deployment, we make the system energy-efficient from the power generation
perspective. Moreover, in an off-grid condition, energy sharing in a heterogeneous network
can ensure the reliability with efficient RES design. Radio resource scheduling optimizes the
end device energy consumption. Extensive use of heterogeneous networks and optimum
resource scheduling are two important aspects of the most modern cellular technology
(5G/6G). As the proposed system includes these aspects, it can help us to cope with 5G/6G.
Overall, the energy-efficient technique has been demonstrated using a triangle sign to
consider these three aspects.

eDRX

Energy Efficient
Technique

Radio Resource 
Scheduling

PSMDRX

WPF

Energy Sharing

Integration of renewable 
energy

Biomass

Off-Grid

Solar

Pico Cell

Heterogeneous Network 
Deployment 

Micro CellFemto Cell

Macro Cell

Reliable

Cost EfficientSustainable

Environment Friendly

Can easily cope up with diversified 

applications of 5G

Figure 2. An overview of the energy-efficient techniques of the proposed model.

2.1. Solar PV Panel

Solar PV produces electricity from solar energy directly. The amount of solar energy
generation heavily depends on the geographic location (availability of direct sunlight),
beam radiation, panel materials, and tracking mode. On focusing the specifications and
capital cost ‘Sharp ND-250QCs (poly crystalline)’ is selected in this work. Additional
information of the Sharp ND-250QCs (poly crystalline) solar module can be found in [54].
The temporal variation of solar power generation is calculated using the System Advisory
Model (SAM) for 1 kW PV module size, as shown in Figure 3 [55].
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Figure 3. Average hourly solar power production over a day for 1 kW PV module size.

2.2. Biomass Generator

The amount of energy generated by the BG mostly depends on the average biomass
availability, the calorific value of the biomass, the efficiency of the BG, and its running
hours. The combination of the BG with the solar PV panel plays an important role in
compensating the BS energy demand during the malfunction of RES.

2.3. Battery Bank

Battery storage is considered an essential component in the sustainable energy. The
battery bank autonomy (Baut) specifies the credible time limit, up to the storage setup that
can deliver the necessary electricity to run BS as a load if the RES is unavailable. It can be
calculated as follows [28,56]:

Baut =
Nbatt ×Vnom ×Qnom × (1− BSOCmin

100 )× (24 h/day)
LBS

, (1)

The capacity of the battery bank (Bc) can be expressed as follows [28,56]:

Bc =
PBS × D× t

BDOD ×V × Kb
Ah, (2)

2.4. Reliability Analysis

Annual capacity storage (ECS) or ‘annual capacity shortage’ is a variable used to
quantify the system’s reliability. It can be calculated as:

ECS =
EED
EBS

(3)

EED can be expressed as follows and calculated in kWh/yr:

EED = EBS − Egen (4)

where Egen is the generated electricity, which can be written for macro and micro BSs:

Egen = EPV + EBG (5)

For pico and femto BSs, the above equation can be modified as follows:

Egen = EPV (6)
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To ensure reliability of the system, the proposed scheme is designed with sufficient
backup power reserve over the entire project duration. The excess electricity, generated as
backup power, can be estimated by:

Eexcess = Egen − EBS − Closs − Bloss (7)

where Closs and Bloss represent the losses associated with the converter and battery,
respectively.

2.5. Energy-Sharing Model

This section proposes an energy-sharing algorithm to ensure green, optimal, and
uninterrupted power supply for an off-grid HetNet configuration. The basic features of the
macro, micro, pico, and femto cells are presented in Table 2.

Table 2. Cell size and transmitted power for a heterogeneous network [57].

Cell Type Cell Size Power Consumption

Macro 1–30 km Tens of Watts
Micro 0.4–2 km 1–6.3 W
Pico 4–200 m 200 mW–2 W
Femto 10 m 20–200 mW

To propose the algorithm, an energy sharing model is used, which is illustrated in
Figure 4. In the core of HetNet, there are cells. A cell is formed with a macro base station
(BS) placed at the centre and one or more micro BSs are connected to the macro BS in a star
topology. There can be multiple micro BSs inside the cell of a macro BS. Because of the star
connection arrangement, each of these smaller BSs is directly connected to the central macro
BS. As such, a macro BS can share energy with all other micro BSs in the cell. A macro BS
can also share energy with other adjacent macro BSs directly connected in the network.
All the connections for energy sharing between the BSs has been intended to do through
low resistive power lines, and in every case it is half-duplex. In the HetNet, different
types of cells are required for various applications, with various qualities of service (QoS)
requirements. The distance between the cells is small in the heterogeneous network. As a
result, the low resistive power line method can be practicable for sharing energy [58]. This
connection for energy sharing may effectively use BSs’ renewable energy sources.

Figure 4. Energy-sharing model among the adjacent BSs of HetNet.

Through the energy sharing policy, the excess electricity will be shared according to
the flow diagram illustrated in Figure 5. Here, Ere f is the amount of excess electricity that
is 10% greater than the load requirement. The resistive value of the proposed connection
has been taken from the American Wire Gauge (AWG) standard conductor size table [59].
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The total shared energy (EShare) to the adjacent BSs can be calculated as [25]:

EShare = EGen + Ebatt − EBS − El − EExcess, (8)

where El is the path loss because of the resistance of the conductor, which can be calculated
as [25]:

El = I2R(l)× tr =
P2

ShareR(l)
V2 × tr (9)

The percentage of energy savings because of the energy sharing policy can be calcu-
lated as [25]:

ESave(%) =
∑N

i=1 EShare(t)

∑N
i=1 EBS(t)

× 100% (10)

Figure 5. Flow diagram of the proposed energy sharing model.

2.6. Throughput and Energy Efficiency Model

The performance of the wireless network is evaluated in terms of throughput and EE
metrics. According to Shanon’s information capacity theorem, total achievable throughput
in a network at time t can be expressed by [25]:

Rtotal(t) =
U

∑
k=1

N

∑
i=1

BWlog2(1 + SINRi,k) (11)
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where, BW is the system bandwidth and SINRi,k is the Signal-to-interference plus-noise-
ratio at kth user equipment from ith BS.

EE is defined as the ratio of total network throughput and total power consumed by
the network. Thus, the EE metric denoted as ηEE for time t is defined as [25]:

ηEE =
Rtotal(t)
PBS(t)

(12)

Here, the received signal to interference plus noise ratio (SINR) at kth user equipment
from ith BS can be given by

SINRi,k =
Pi,k

rx
Pk,inter + Pk,intra + PN

(13)

where Pk,intra is the intra-cell interference, Pk,inter is the inter-cell interference is the trans-
mitted power in dBm, PN is the additive white Gaussian noise (AWGN) power given by
PN = −174 + 10log10(BW) in dBm, and with BW is the bandwidth in Hz.

2.7. Mathematical Model of Costs

Net present cost (NPC) is the total cost of the proposed system during the full life
cycle, which can be calculated as follows [56]:

NPC =
TAC
CRF

= CC + RC + OMC + FC− SV, (14)

where CC is the capital cost, RC is the replacement cost, OMC is the operation and mainte-
nance cost, FC is the fuel cost, and SV is the salvage value.

Whereas the total annualized cost (TAC) and capital recovery factor (CRF) can be
expressed by Equations (15) and (16), respectively [56].

TAC = TACCC + TACRC + TACOMC (15)

CRF =
i(1 + i)L

(1 + i)L − 1
(16)

Here, L expresses the lifespan of the proposed project and i expresses the every twelve
months interest rate. Instead, the salvage value, only applicable for those components
which have a longer lifespan than project lifespan, can be expressed by [56],

SV = Rep(
Rem

Comp
), (17)

2.8. Problem Formulation and Optimization

The proposed hybrid energy generation model is considered as an optimization
problem, where the target is to minimize NPC by ensuring maximum utilization of RESs.
The number of solar PV, biomass generator, battery bank, and converter is optimized
according to the operational constraints and load demands. Specifically, each watt of
generated energy should be utilized. For an effective performance of the optimization
process to formulate the optimal hybrid power system, a number of parameters for system
components, such as operational lifecycle, component efficiency, and associated cost, are
taken into account. At each hour, using the HOMER optimization software, we determine
how to satisfy the electricity demand using HetNet infrastructure, including losses, as well
as provide backup power. It also calculates the BS load demand to the input power supply
in each iteration, and the optimization phase follows all simulations. Finally, we identify
the least expensive component combination that meets the BS load while ensuring no
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power shortage. The following optimization process was maintained during the simulation
process. For macro and micro BSs:

minimize NPC (18a)

subject to EPV + EBG > EBS, (18b)

EPV + EBG + Ebatt = EBS + El , (18c)

EShare = EGen + Ebatt − EBS − El − EExcess, (18d)

Ebattmin ≤ Ebatt ≤ Ebattmax, (18e)

For pico and femto BSs:

minimize NPC (19a)

subject to EPV > EBS, (19b)

EPV + Ebatt = EBS + El , (19c)

Ebattmin ≤ Ebatt ≤ Ebattmax, (19d)

where El is the sum of converter losses, battery bank losses, and surplus energy transfer
losses in kWh/yr. For the macro and microcell configuration, the hybrid solar PV and BG
can support the BS energy demand, as mentioned in (18b). In the case of pico and femtocell
configuration, the surplus energy transfer losses is zero and the standalone solar PV system
can fulfill the BS entire energy requirement, as mentioned in (19b). The constraint in (18c)
and (19c) ensures that the annual energy obtained by the renewable energy sources carries
the annual BS energy consumption with the associated losses. The amount of surplus
electricity is preserved for future use during the abnormal condition or shared among
the neighboring BS due to scarcity of energy, and is described by the constraint (18d).
Constraint (18e) and (19d) indicates that the battery bank storage capacity should not
exceed the maximum limit and does not reach below the threshold level.

2.9. Resource Scheduling Algorithm

A resource scheduling algorithm attempts to make an appropriate apportionment of
the resources with fulfilling application-wise QoS requirements. Some general require-
ments are optimized with spectral efficiency ensuring cell throughput, fairness, minimum
interference for cell-edge users, and optimum load balancing. PF is one of the well-known
schedulers, especially for NRT applications. It deals with two competing qualities, and not
only maximizes the total throughput of the network but also ensures at least a minimal level
of service. However, better latency, user energy efficiency, and application wise priority
cannot be assured by PF. LTE establishes separate resource blocks (RBs) for RT and NRT
applications. The RT application includes voice, live streaming video, and online gaming.
The NRT application includes buffered streaming video, web browsing, e-mail, chat, FTP,
and P2P file sharing. The BSs are fully conscious of the bearers.

In our proposed model, the available resources are divided into two parts for the use of
RT and NRT services depending on the data rate demand of the users. For RT applications,
resources can be scheduled using the existing VT-M-LWDF scheduler, M-LWDF scheduler,
or any other popular solution that considers the packet delay. In the proposed model,
the main focus has been given on NRT applications. A weighted proportional fair (WPF)
scheduling algorithm has been proposed for NRT applications; where the DRX mechanism
has been applied, weight will be determined based on the applications and queue size.

WPF metric = WF× PF metric (20)

WF = Ak(t)×Qk(t)× T Inac
y (21)
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The amount of pending data or queue size Qk(t) can be used to indicate the data rate
requirement. Ak(t) represents the priority of the user applications. T Inac

y is the inactivity
timer that represents the way of power-saving for the resource allocation. In the case of
the downlink (DL), the queue size Qk(t) is already known to BS. On the other side, the UE
sends the pending data status or buffer status report (BSR) to the BS in the case of uplink
(UL). BSR index represents the buffer content in between a minimum and a maximum
range. In our proposed model, Qk(t) is the average of the maximum and minimum buffer
size, as follows:

Qk(t) =
BSmin

k (t) + BSmax
k (t)

2
(22)

The DRX mechanism is incorporated in LTE to attain power-saving and prolonged
battery life of the UE. Algorithm 1 is proposed only for NRT applications, so that significant
improvement in power saving attained the allowing limited latency. In the algorithm, a
novel DRX model has been proposed. NRT applications can support more delay than
RT applications. According to [60], a permissible delay for NRT applications after the
re-transmission delay is 107ms. UE has to be in the ‘ON’ state all the time even if there
is no traffic. It is because UE has to keep listening or be ready to decode the Physical
Downlink Control Channel (PDCCH). The Physical Downlink Control Channel (PDCCH)
is primarily used to carry the scheduling information to individual UEs, i.e., resource
assignments for uplink and downlink data and control information. However, continuous
ON state increases battery consumption drastically. DRX is a solution to address this
problem. Algorithm 1 describes the proposed communication procedure between BS
and NRT applications. We assumed an M/G/1 queue, where the packet arrival rate (λ)
follows the Markovian process (Poisson process), and the service rate (µ) follows a general
distribution. Traffic intensity can be calculated from ρ = λ/µ. To calculate the percentage
of power saving, we have used the following equation, which has been modified from [61].

Algorithm 1 Algorithm for the communication between the ith NRT application-based
device and BS

1: Initialize: τD, τS, τL, τst, ηeDRX , τi, τ′i , τDRX , τ′DRX , χiUL/DL , and χiUL
2: for i = 1 : k //k is the number of total users
3: while χiUL/DL > 0 //data transfer request is present between i user and BS
4: Start data transfer (τD)
5: update χiUL/DL
6: enable inactivity timer (τi)
7: if χiUL/DL > 0 && τi < τ′i //more data to transmit within the inactivity timer
8: Go to Step 3
9: else
10: enable τDRX
11: for l = τDRX : τL − τS : τ′DRX
12: for m = τS : τL
13: if χiUL/DL > 0 && τDRX < τ′DRX
14: Go to Step 3
15: else
16: m = m + τst
17: for n = τL : τS
18: if χiUL/DL > 0 && τDRX < τ′DRX
19: Go to Step 3
20: else
21: n = n + τst
22: i = i + 1
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PSave(%) =

[
1−

[
E[TData]

E[TTotal ]
+

PWait × E[TWait]

PData × E[TTotal ]

+
POFF × E[TOFF]

PData × E[TTotal ]

]]
× 100

In our proposed model, an algorithm has also been presented based on PSM and
eDRX, which are two solutions to optimize the device power consumption for the NB-
IoT technologies for delay insensitive but energy sensitive applications. As soon as an
end device is powered on, it goes for the frequency and time synchronization with some
necessary configurations from the network. This Radio Resource Control (RRC) connection
setup is an important step, after which the end device can exchange data with the network.
When the RRC connection is established, the device is said to be in the RRC Connected
state. In NB-IoT, there are two RRC states for devices, namely, RRC Connected and RRC
Idle, as shown in Figure 6. When the device releases its active RRC connection, it moves
to the RRC Idle state. The RRC connected state consists of the mobile originated (MO) or
mobile terminated (MT) data transfer, tracking area update (TAU), and an inactivity timer.
In this state, the device consumes more energy, as it obtains dedicated bearers established
to begin the data transmission and needs to monitor the DL channel. The expiration of
the inactivity timer makes the device switch from the RRC Connected to RRC Idle state.
In the RRC Idle state, NB-IoT defines two power-saving schemes, i.e., eDRX and PSM. A
summary of PSM and eDRX are described below, and the details of the RRC states are
illustrated in Figure 6.

Figure 6. Illustration of user device’s behavior in NB-IoT (PSM and eDRX).

2.9.1. Edrx (Extended Discontinuous Reception) Model

eDRX is an extended form of DRX to keep on longer in the idle or power-saving state
between two pages. At first, it starts with some short active cycles and then enters into the
long deep sleep cycles, which minimize the device power consumption. In the eDRX mode,
devices are periodically available for DL or MT data transfer requests. From LTE Release
13 specifications, it is defined that the eDRX idle mode can be extended up to 3 h.
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2.9.2. Psm (Power Saving Mode)

PSM permits UE to reduce power consumption to the most bottom level by transferring
its circuitry into a deep sleep mode. However, still, the device is registered to the system.
DL or MT data transfer requests cannot be scheduled in this mode because the device is
inaccessible for the BS. On the other hand, for MO or UL data, the transfer device leaves the
PSM mode at an instance. Moreover, it also wakes up if a request comes for a routing area
update (RAU) or TAU. After every entry of PSM mode, at first the device runs some active
timers when MT data transfer can also be scheduled by monitoring the paging channel. For
NB-IoT applications, the battery lifetime is a vital issue. On the other side, the downlink
latency does not have any significant importance for NB-IoT applications and infrequent
paging is sufficient to monitor it. For NB-IoT applications, the PSM cycle timer supports
deep sleep up to 413 days.

In this paper, a scheduling algorithm for the communication between BS and NB-IoT
application devices using PSM and eDRX is proposed in Algorithm 2. After the end of the
data transfer, an inactivity timer will start. If the inactivity timer can reach its end without
any data packet arrival, the eDRX cycle will start. The eDRX cycle consists of some short
and some extended long cycles. If the eDRX cycle can run-up to the end, the PSM will
start. The UL data transfer request of TAU during the sleep period can restart the full
cycle by starting the ON or data transfer active period. DL/MT data transfer can start the
ON period if and only if it can reach the inactivity timer or paging period. To calculate
the percentage of power saving, we have used the following equation, which has been
modified from [61].

Algorithm 2 Algorithm for the communication between ith IoT device and BS

1: Initialize: τD, τS, τL, τst, ηeDRX , τi, τ′i , τeDRX , τ′eDRX ,
τPSM, τ′PSM, χiUL/DL , and χiUL
2: for i = 1 : k
3: while χiUL/DL > 0
4: Start data transfer (τD)
5: update χiUL/DL
6: enable inactivity timer (τi)
7: if χiUL/DL > 0 && τi < τ′i
8: Go to Step 3
9: else
10: enable τeDRX
11: for j=1:N
12: check χiUL/DL in every τS interval
13: if χiUL/DL > 0
14: Go to Step 3
15: else
16: j=j+1
17: check χiUL/DL in every τL interval
18: if χiUL/DL > 0 && τeDRX > τ′eDRX
19: Go to Step 3
20: else
21: Continue (eDRX)
22: enable Power Saving Mode (τPSM)
23: if χiUL > 0
24: Go to Step 3
25: else
26: Continue (τPSM)
27: i = i + 1
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PSave(%) =

[
1−

[
E[TData]

E[TTotal ]
+

PInactive × E[TInactive]

PData × E[TTotal ]

+
PeDRX × E[TeDRX ]

PData × E[TTotal ]
+

PPSM × E[TPSM]

PData × E[TTotal ]

]]
× 100

3. System Configurations and Mathematical Model

In this section, all the input data or parameters, necessary for HOMER and Matlab
simulation, are briefly described.

3.1. System Configurations
3.1.1. Solar PV

The average daily solar radiation profile of the selected area throughout a year is
illustrated in Figure 7.

Figure 7. Solar radiation profile and clearness index of the study region.

The total amount of energy generation using solar PV panels can be calculated by
HOMER using the following equation [56,62]:

EPV = RPV × PSH × ηPV × 365 days/year, (23)

3.1.2. BG

The average biomass available in the selected area is 9 tons/day [63]. The output
power of the BG can be expressed as follows [63,64].

PBG =
TBM(t/year)× CVBM × ηBM × 1000

365× 860× top
. (24)

The amount of renewable energy harvested by the biomass generator can be expressed
as follows [63,64]:

EBG = PBG(365× 24× C f ), (25)

where C f is the capacity factor that is the ratio between the actual and maximum possible
electrical energy.

3.1.3. Battery

In this work, the Trojon L16P battery model has been used due to its large size, low cost,
high reliability, low self-discharge, and low maintenance requirements. Battery lifetime
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(Lbatt) is a directly related variable for the cost analysis, which can be calculated using the
following equation [28]:

Lbatt = min(
Nbatt × Tbatt

Ta
, Rbatt), (26)

3.2. Simulation Setup for HOMER and Resource Scheduling

The proposed hybrid power supply system has been focused on meeting the power
consumption of the BSs of a HetNet. As a result, estimating the proper dimensions of
macro, micro, pico, and femto-cell power consumption is important. The total power
consumption of a BS is mainly dependent on traffic demand; we formulated the discrete
power consumption considering 10MHz bandwidth from paper [65] using the following
equation. Then, on that basis, we designed and optimised the overall power generation and
sharing architecture, considering the energy, cost and environmental aspects. The assumed
traffic demand profile for the proposed model is shown in Figure 8.

PBS =

{
NTRX [P1 + ∆pPTX(χ− 1)], if 0 < χ ≤ 1
NTRXPsleep, if χ = 0,

(27)

where, P1 = P0 + ∆pPTX .

Figure 8. Assumed traffic profile for the simulation.

The discrete power consumption by the macro, micro, pico, and femto cellular LTE
BSs considering the 10 MHz bandwidth are obtained from [65]. It implies that a smaller BS
needs lower power due to the smaller radiated power and coverage area.

The power consumption of the BSs that is directly connected to the related loss factors,
and can be calculated as [65,66]:

P1 =
PBB + PRF + PPA

(1− σDC)(1− σMS)(1− σcool)
(28)

where PBB, PPA and PRF, respectively, refer to the baseband, power amplifier and RF power
consumption scaled with the transmission bandwidth.

We first study the techno-economic feasibility of the proposed system. In the sim-
ulation setup, we assume a project duration is 20 years and the yearly interest rate is
6.75% [67]. The HOMER platform was used for this study. The system architecture of the
proposed heterogeneous network is shown in Figure 9 and 10. The initial values of the
main parameters are listed in Table 3.
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Figure 9. System architecture in the HOMER platform for macro (left) and micro (right) BSs.

Figure 10. System architecture in the HOMER platform for pico (left) and femto (right) BSs.

Table 3. Key parameters and their values for HOMER simulation setup [63,64].

Components Parameters Value

Resources Solar intensity 4.59 kWh/m2/day
Biomass available 9 t/day
Interest rate 6.75%

Solar PV Operational lifetime 25 years
Derating factor 0.9
System tracking Dual-axis
CC $1/W
RC $1/W
OMC/year $0.01/W

BG Efficiency 30%
Operational lifetime 25,000 h
CC $0.66/W
RC $0.66/W
OMC/year $0.05/h
FC $30/t

Battery Round trip efficiency 85%
BSoCmin 30%
Vnom 6 V
Qnom 360 Ah
CC $300/unit
RC $300/unit
OMC/year $10/unit

Converter Efficiency 95%
Operational lifetime 15 years
CC $0.4/W
RC $0.4/W
OMC/year $0.01/W

Monte-Carlo simulation parameters has shown in Table 4. For the simulation setup of
Algorithm 1, the assumed value of the parameters are shown in Table 5. The parameters
for the simulation setup of Algorithm 2 are listed in Table 6.



Energies 2023, 16, 169 18 of 33

Table 4. Key parameters for MATLAB-based Monte-Carlo simulation setup [68].

Parameters Value

Resource block (RB) bandwidth 180 kHz
System bandwidth, BW 5, 10, 15, 20 MHz
Carrier frequency, fc 2 GHz
Duplex mode FFD
Cell radius 1000 m (macro), 500 m (micro), 200 m (pico), 10 m (femto)
BS Transmission power 20 W (macro), 6.3 W (micro), 0.13 W (pico), 0.05 W (femto)
Noise power density −174 dBm/Hz
Path loss exponent, α 3.574
Shadow fading Xσ 8 dB
Access technique, DL OFDMA
Traffic distribution Randomly distributed

Table 5. Simulation parameters for Algorithm 1.

Parameters Value

χ (Packet arrival rate) (M/G/1 stochastic process) 0.05 to 0.5 packets/ms
µ (Service rate) 100 packets/ms
τS (Short cycle timer length) 20 ms
τL (Long cycle timer length) 320 ms
τst (Step size timer) 20 ms
τi (Inactivity timer) 10 ms
N (No of short cycles) 1 to 16
PData (Power consumption during ON period) 500 mW
PInactive (Power consumption during inactivity timer) 255 mW
POFF (Power consumption during DRX period) 11 mW

Table 6. Simulation parameters for Algorithm 2.

Parameters Value

χ (Packet arrival rate) (M/G/1 stochastic process) 0.005 to 0.5 packets/ms
µ (Service rate) 100 packets/ms
τeDRX (known as T3324) (eDRX long cycle timer length) 5:2:35
τPSM (known as T3412) (PSM sleep timer) 3 h
τi (Inactivity timer) 10 ms
N (No of short cycles) 1 to 16
PData (Power consumption during ON period) 500 mW
PInactive (Power consumption during inactivity timer) 255 mW
PeDRX (Power consumption during eDRX period) 11 mW
PPSM (Power consumption during deep sleep period) 0.0108 µW

4. Results’ Analysis

The simulation output from HOMER was thoroughly analyzed using the MATLAB
simulation from the following key perspectives: (i) Optimization standard, (ii) energy
generation and consumption, (iii) energy sharing, (iv) economic, (v) energy efficiency, (vi)
power saving for NRT and IoT devices, and (vii) carbon footprint.

4.1. Optimization Standard

An optimal size of the components used for the proposed hybrid RES for the HetNet
is summarized in Table 7. The proposed system is based on off-grid energy sharing and in
terms of the consumed energy, the macro, and micro BSs will be served by solar PV and
BG with battery storage and converter. Due to small energy requirements, pico and femto
BSs will only be aided by solar PV and backup storage devices, and, as a consequence, no
converter is needed to support the DC load. The proposed model has been simulated on
the HOMER platform, taking the dynamic behavior of traffic and RES into account. It is
recognized that a higher value of the component size is required for the bigger cell sizes
due to the higher amount of energy consumption. With the change of system bandwidth,
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the optimal size of the BG, battery units, and converters are remaining unchanged. On the
other hand, the optimal size of the solar PV increase with the increment of system BW for
both macro and micro BS configurations to cope up with the higher energy demand. As
such, the proposed system is compatible under dissimilar BS network requirements.

Table 7. An optimal size of the hybrid solar PV/BG system.

BW PV (kW) BG (kW) Battery(units) Converter (kW)

(MHz) Macro Micro Pico Femto Macro Micro Pico Femto Macro Micro Pico Femto Macro Micro Pico Femto

5 2.5 0.5 0.1 0.1 1 1 - - 32 24 8 8 0.1 0.1 - -
10 3.5 0.5 0.1 0.1 1 1 - - 32 24 8 8 0.1 0.1 - -
15 4 1 0.1 0.1 1 1 - - 32 24 8 8 0.1 0.1 - -
20 4 1 0.1 0.1 1 1 - - 32 24 8 8 0.1 0.1 - -

‘-’ means not used.

4.2. Energy Generation and Consumption

The yearly energy consumption (DC and AC load) including excess energy for the
macro, micro, pico, and femto-cell networks under 10MHz bandwidth are summarised
in Table 8. This excess energy is used as a backup, either for charging the battery or for
sharing in need of other BSs. DC load is the main energy consumer. It is assumed that a
bulb as an AC load is the only connected macro BS.

Table 8. Energy consumption breakdown for 10 MHz system bandwidth.

Items Macro Micro Pico Femto

AC load (kWh/yr) 130 (3%) 0 (0%) 0 (0%) 0 (0%)
DC load (kWh/yr) 4989 (97%) 1117 (100%) 123 (100%) 87.2 (100%)

Excess energy (kWh/yr) 2056 (26.8%) 128 (9.41%) 81.3 (37.6%) 121 (55.9%)

The individual energy generation breakdown of the proposed off-grid hybrid system is
illustrated in Figure 11. For the simulation, the dynamic profile of the RES (Figures 3 and 7)
has been considered. Here, the results are only shown for the 10MHz system BW. For all
cases, the solar PV is the main energy contributor. In the proposed model, macro BSs can
share energy to another macro, micro, pico, and femto BSs. Consequently, more excess
electricity has been generated in the case of the macro BSs. The rest of the BSs use the excess
electricity as a backup in case of a shortage or outage of RES. In the case of shortage, these
BSs can share excess electricity only to the mother macro BS.

Figure 11. Individual energy breakdown for 10 MHz system bandwidth.

The periodic monthly statistics of the power generation by the different RES for
different BSs are separately illustrated in Figures 12 and 13. Solar PV is the main contributor
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throughout the year and BG contributes to that period when solar intensity is relatively
low. It is clear that the proposed system can minimize the capital costs and carbon contents
because the solar PV generates a large of consumed energy for the overall heterogeneous
setup. On the other hand, the system is also reliable because of the presence of BG and the
energy sharing technique.

Figure 12. Monthly power contribution by the RES under 10 MHz for macro (left) and micro
(right) BS.

Figure 13. Monthly power contribution by the RESs under 10 MHz for pico (left) and femto (right) BS.

A broad evaluation of the annual energy contributed by the different sources under
various system BWs has been illustrated in Figures 14 and 15, where it is clear that with an
increase in system bandwidth, the generation is increased. If the solar PV cannot bear the load
because of cost efficiency, BG will take its place. In the case of pico and femto-cells, with the
increment of the system BW, the excess electricity will decrease to cope up with the load. It is
better for the system performance, as the setup will not change under different system BWs.

Figure 14. Energy breakdown under different system BW for the macro (left) and micro (right) BS.
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Figure 15. Energy breakdown under different system BW for the pico (left) and femto (right) BS.

4.3. Economic

The requirement of the total battery for the proposed model has increased with the
growth of the total load. As macro BSs has to deal with the highest load, a total of 32 of
the batteries for the energy storage purpose is required. The number of batteries required
for micro, pico, and femtocells are 16, 8, and 8, respectively, to back the load request
of the BS throughout the shortage or absence of RES. The number of batteries are not
feasible less than 8 because the proposed model uses the “Trojan L16P” battery. The DC
bus bar voltage is 48V. The terminal voltage of each battery is 6V. HOMER calculates the
battery bank autonomy using Equation (1). The annual battery bank autonomy under
different network configurations are illustrated in Figure 16. The battery bank autonomy
is inversely proportional to the BS load or energy demand. For the same reason, higher
system bandwidth reveals lower battery autonomy. For a reliable and cost-effective supply
system, these results are justified.

Figure 16. Battery autonomy under different system bandwidth.

Bio-feedstock is the raw material of BG. In our proposed system, only macro and micro
BSs are connected to both Solar PV and BG, so they are liable for bio-feedstock consumption.
Bio-feedstock consumption is linearly proportional to the amount of energy harvested from
the BG, and for our proposed model, the annual consumption has shown in Figure 17. It
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is clear from the previous energy breakdown figures that total energy consumption has
proportionally been increased with the increases in BW, but BG is not the only source for
the energy generation of macro and micro BSs. As a result, bio-feedstock consumption
has not proportionally increased with the BW, though macro BSs’ average bio-feedstock
consumption is far more than micro BSs.

Figure 17. Bio-feedstock consumption.

4.4. Energy Sharing

According to the flow diagram in Figure 5, excess energy has been shared through
a low resistive physical line among the adjacent BSs. The value of the resistance of the
interconnected line has been taken from the American Wire Gauge (AWG) standard con-
ductor size table, which is 3.276 Ω/km [59]. The inter-cell distance is calculated as

√
3

times of the cell radius (i.e.,
√

3R) and the cell radius is 1000m for PTX = 20 W. The total
resistance of the transmission line between the two BSs is 5.67 Ω. We use the cell radius of
macro, micro, pico and femto BSs as 1000m, 500m, 200m and 10m, respectively. This energy
sharing among the BSs for the heterogeneous network ensures the optimum use of RES
and avoids any type of blackout or power shortage. The percentage of energy savings with
the total amount of shared energy for different system bandwidth and sharing policies is
demonstrated in Tables 9 and 10, respectively. The results demonstrate that around 10% to
21% of the total energy can be saved every year by applying the proposed macro-macro
energy-sharing technique. The proposed system ensures energy efficiency (ηEE) under
dynamic traffic profile and can save a considerable amount of energy loss by the energy
sharing technique.

Table 9. Annual energy savings due to energy sharing mechanism between two adjacent macro BSs.

BW (MHz) Egen (kWh) ED (kWh) Eexcess (kWh) I (Amp) Eloss (kWh) Eshare (kWh) Esave (%)

5 5548 3896 1295 3.07 470.87 824.12 21.15
10 7674 5120 2056 4.88 1187.20 868.79 16.96
15 9167 6434 2116 5.03 1256.67 859.32 13.35
20 10,808 7941 2237 5.32 1405.75 831.24 10.46

Table 10. Amount of shared energy and percentage of energy-saving for inter BS sharing mechanism
under 10 MHz.

Sharing Eexcess (kWh) Resistance (Ω) Eloss (kWh) Eshare (kWh)

Macro-Macro 2056 5.67 1187.20 868.79
Micro-Macro 128 1.70 1.34 126.66
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A critical analysis of the associated costs to the proposed system has been represented
in this section. These analyses have been conducted via the HOMER optimisation software
to propose a reliable and optimum cost-efficient green supply system. Nominal cash flow
summary for the proposed system of macro, micro, and pico BSs have been respectively
shown under the 10MHz system BW in Figures 18–20. The cash flow summary of femto
BS is identical to pico BS. For all the demonstrated configurations, the capital cost (CC)
has the highest value, and the replacement cost (RC) has the second-highest value. For
macro BS, CC for the PV array is $3,500 (panel size 3.5 kW, cost $500/0.5 kW), operation
and maintenance cost (OMC) is $378 (panel size 3.5 kW, cost around $10/1 kW), RC is
zero because the PV array has a lifespan of 25 years, which is more prolonged than the
project lifespan. The salvage value for that extra five years is $190. For other BSs, different
costs of PV array have been calculated in the same fashion. For both macro and micro BS
configurations, a single BG is required, which costs $660. OMC and fuel cost (FC) vary
in generation. The salvage value is inversely proportional to the BG use. The number of
batteries is always a multiple of 8 because the DC bus bar voltage is 48V (Each battery’s
nominal voltage is 6V). CC for each battery is $300. RC depends on battery lifetime. Battery
lifetime can be calculated from Equation (26). RC of each battery is also $300. Less use of
battery extends the battery lifetime. Higher battery lifetime minimizes the overall RC of
the battery for the system. The OMC of the battery is $10/unit/year. Thus, 32 batteries
cost $320 per year. However, due to the discount factor, this costs less in the long run. The
CC, RC, and OMC of the converter depend upon the quantity of use. CC and RC are both
$.4/Watt and OMC is $.01/Watt/year. More BG generation costs more for the converter.
For pico and femto BSs, there is no BG need for the system. As a consequence, no converter
is needed either. In comparison with other components, the battery bank is responsible for
the highest amount of CC, RC, and OMC in all configurations.

Figure 18. Cash flow summary of the proposed system for macro BS.
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Figure 19. Cash flow summary of the proposed system for micro BS.

Figure 20. Cash flow summary of the proposed system for pico BS.

Cost is linearly proportional to the load or energy demand. The Cost of Electricity
(CoE) is generally referred to as a ‘usage charge’ measured in kilowatt-hours (kWh). A
widespread comparison of the NPC and Cost of Electricity (CoE) under different network
configurations has been illustrated in Figures 21 and 22, respectively. With the increment of
the system BW, the load or energy demand has increased. As a consequence, a clear surge
has been observed in NPC. In contrast, a higher rate of service ensures a lower CoE. In
terms of NPC, pico and femtocell configurations have demonstrated an identical value due
to a low load but identical system requirements. However, the excess electricity has been
used automatically for sharing (only for macro and micro) or storage purposes based on the
real-time requirement. As a result, the CoE is not same in the case of pico and femto BSs.
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Figure 21. NPC under different system bandwidth.

Figure 22. CoE under different system bandwidth.

4.5. Energy Efficiency

User throughput and the system’s energy efficiency are two vital variables in the
case of performance analysis of the system model. Daily throughput variation under
different BS configurations has been illustrated in Figure 23, which is in line with the
traffic intensity. To evaluate the throughput and energy efficiency performance under a
different system bandwidth, a two-tier LTE cellular network has been considered. With
the increment of system bandwidth, both throughput and energy efficiency has increased.
With the increment of cell size, the required throughput has been achieved for all the cases.
In the case of energy efficiency, the small cell has demonstrated a better output. These
performances are illustrated in Figures 24 and 25.
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Figure 23. Throughput performance for two-tier HETNET.

Figure 24. Throughput performance under different system bandwidths.

Figure 25. Energy efficiency under different system bandwidths.
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4.6. Power Saving Issue for NRT and IoT Devices

Applying the proposed resource scheduling algorithm for NRT applications, the
system has achieved better power saving with a permissible delay, which has shown in
Figures 26 and 27. Although for N = 1 , when the no. of the short cycle is 1, the existing
model shows better power-saving only for a very low packet arrival rate. However, for
that specific case, the downlink latency does not permit resource allocation. In all other
cases, our proposed scheduling model shows a better performance than the existing model.
Overall, it is observed that there is a trade-off between the downlink latency (delay) and
the rate of power-saving.

Figure 26. Percentage of power-saving over packet arrival rate (Packets/ms).

Figure 27. Downlink latency over packet arrival rate (Packets/ms).

On the other hand, simulating the proposed eDRX and PSM-assisted resource schedul-
ing algorithm for IoT applications, the percentage of power-saving over packet arrival rate
is shown in Figure 28. From Figure 28, it is clearly observed that, the more the eDRX sleep
mode (T3324) timer runs, the more power it will save.
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Figure 28. Percentage of power saving vs. packet arrival rate (IoT applications).

4.7. Carbon Footprints

To make a sustainable future, one of the sustainable development goals is known
as SDG7, which targets affordable and clean energy. The proposed energy generation
is dependent mostly upon solar PV, which does not discharge any carbon content. The
emission of total carbon contents from the proposed model under 10MHz BW are shown in
Table 11. Although to achieve reliability, BG has been added to the system in the case of
macro and micro BS, but it can minimize the carbon emission indirectly by reducing the
burning of rice husk, as shown in Table 12. It is worth mentioning that rice husk can be
treated as the primary resource of biomass, which is generally used for cooking purposes
in the proposed rural areas. However, generation from BG is directly proportional to the
CO2 emission, which has been demonstrated in Figure 29. This figure shows the GHG
emissions produced by the macro, micro, pico, and femto BSs under a dissimilar system
bandwidth. With the increment of system BW, the data of emission demonstrate a clear
proportional result with the bio feedstock consumption for BG. The proportional increment
of GHG based on the operating hours of BG is shown in Figure 30. GHG Emissions from
different primary resources of BG is shown in Table 12. Overall, the proposed system is an
example of the maximum use of clean energy effectively.

Figure 29. GHG emission for different system bandwidth.
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Figure 30. GHG emissions concerning BG operating hours.

Table 11. Carbon contents for the hybrid solar PV/BG system under 10 MHz bandwidth.

Pollutants
Emissions (Kg/yr)

Macro Micro

CO2 0.216 0.558
CO 0.000967 0.00249
Unburned hydrocarbons 0.000107 0.000276
Particulate matter 0.0000729 0.000188
SO2 0 0
NO, NO2, N2O, NO5 0.00863 0.0222

Table 12. GHG Emissions from different primary resources of BG [69].

Fuels Emissions (Kg/Kg Fuel)

Rice husk 1.49
Bituminous coal 2.46
Natural gas 1.93

4.8. Feasibility Analysis

Though it has been claimed in the literature, standalone solar PV and hybrid solar
PV/WT supply systems perform better [70–72]. It is less reliable since it depends on a single
renewable energy source. The hybrid solar PV/WT system is not a reasonable solution
because of the unfavorable wind profile in the chosen area. Due to the massive volumes of
fossil fuel burned and the high fuel delivery costs in remote places, the standalone DG and
hybrid solar PV/DG perform poorly, as we had expected. A hybrid solar PV/BG system is
a desirable option for the isolated off-grid places, where the biomass energy potential is
enough despite releasing a very small quantity of carbon dioxide. Additionally, by limiting
the biomass burning for cooking purposes, the suggested approach indirectly lowers the
greenhouse gas emissions.

5. Conclusions

In this paper, a green energy-supplied off-grid heterogeneous cellular network along
with IoT devices has been proposed and thoroughly analyzed. The feasibility of the
proposed system has been evaluated through various key performance parameters, such
as the per unit electricity generation cost, throughput, energy saving, energy efficiency,
and carbon footprints. To find out the optimal criteria, wide-ranging simulations are
accomplished using the HOMER optimization software under different network conditions.
From the simulation results, it is well established that locally available RESs are sufficient for
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powering the heterogeneous cellular network without any external support. The proposed
system shows its cost efficiency by endeavoring the minimum NPC and CoE. In addition,
compared to other power supply solutions, the proposed system leads to negligible carbon
emissions (0% form solar PV and around 0.2% form BG) that ensures the improved eco-
sustainability through green engineering solutions. Moreover, adequate energy storage
devices and proper energy co-operation techniques enhance the system’s reliability by
maintaining the zero percent shortage/outage of energy. Quantitative results also reveal
that the inter-BSs green energy-sharing mechanism system can save energy up to 27.98%.
Furthermore, the throughput and energy efficiency analysis guarantee the fulfillment of the
spectral efficiency and data rate requirement through the efficient usage of energy. Finally,
the proposed resource scheduling algorithm for the NRT application achieved a large
amount of power-saving through the permissible delay in comparison with the existing
model. The novel eDRX and PSM-assisted power-saving algorithm achieves a better battery
lifetime for IoT devices. One future improvement of this work can be an autonomous droop
controlled energy sharing policy. Additionally, for NRT and IoT applications, the proposed
sleep mode algorithms can be optimized for specific applications.

Directions for Further Research

At the current stage of the proposed research, the developed hybrid solar PV and fuel
cell-focused macro cellular network without energy sharing mechanisms have much room
for being improved and extended in several interesting directions. Future extensions of
this research work are summarized below:

• Developing a prototype system to ensure the effectiveness of the hybrid solar PV/H/
FC-based green mobile communication.

• Developing a generic algorithm and control system for sharing green energy across
surrounding BSs and industry/power grid by maximizing the use of renewable energy
in the heterogeneous cellular networks.

• Developing a cell zooming technique for running the heterogeneous cellular networks
based on the amount of green energy generated and the rate of incoming traffic.

• For enhancing energy efficiency performance, the renewable energy cooperation of
cloud radio access network (C-RAN) heterogeneous networks paradigm may be
examined.

• For a better compromise between data rate and fairness, an efficient resource and
energy scheduling technique can be implemented.

Additionally, Australia can be included in this study in the future. Australia gener-
ated 29% of its total electricity from renewable sources in 2021. Over the past ten years,
renewable electricity generation has more than doubled. Australia has a total of 171.2 PJ of
biomass and 99.8 PJ of solar PV accessible as energy sources [73].
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