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Abstract: The telecommunication sector plays a significant role in shaping the global
economy and the way people share information and knowledge. At present, the
telecommunication sector is liable for its energy consumption and the amount of emissions
it emits in the environment. In the context of off-grid telecommunication applications, off-
grid base stations (BSs) are commonly used due to their ability to provide radio coverage
over a wide geographic area. However, in the past, the off-grid BSs usually relied on
emission-intensive power supply solutions such as diesel generators. In this review paper,
various types of solutions (including, in particular, the sustainable solutions) for powering
BSs are discussed. The key aspects in designing an ideal power supply solution are reviewed,
and these mainly include the pre-feasibility study and the thermal management of BSs, which
comprise heating and cooling of the BS shelter/cabinets and BS electronic equipment and
power supply components. The sizing and optimization approaches used to design the BSs’
power supply systems as well as the operational and control strategies adopted to manage
the power supply systems are also reviewed in this paper.
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1. Introduction

The telecommunication sector plays a significant role in shaping the global economy and the way
people share information and knowledge. Over the years, the electricity consumption pattern of
telecommunication networks has been transformed by fiber-optic communication, the increasing number
of global mobile users, and smart devices that require mobile Internet access [1]. Often cited in various
papers such as those by Webb [2], Hasan et al. [3], Lambert et al. [4], Kusakana and Vermaak [5], as
well as Meo et al. [1], the global annual electricity consumption for the telecommunication sector has
increased from 219 TWh in 2007 to 354 TWh in 2012, which corresponds to an annual growth rate of
10%. This projection of global electricity consumption is expected to escalate at an annual additional
rate of 10% between 2013 and 2018, as reported by the Cisco Visual Networking Index: Forecasts and
Methodology Report [6]. Accordingly, this makes the telecom operator networks the most electrical
energy-intensive consumer within the telecommunication networks that is responsible for the amount of
greenhouse gas (GHG) emissions it emits into the environment.

In a comprehensive report on GHG emissions reported by the well-known SMART (Standards,
Monitoring, Accounting, Rethink, Transform) 2020, Feshke et al. [ 7] elaborated that the GHG emissions
produced by the telecommunication networks in 2020 will increase by a factor of three when compared
to 2007, which means an increase from about 86 Mt CO:ze to 235 Mt COze. Likewise, parallel to the
fast-paced growth of electricity consumption of the telecommunication networks, the global mobile data
traffic is also expected to grow three times faster than fixed Internet Protocol (IP) traffic between 2013
and 2018; this is while the mobile data traffic is growing faster than average in developing regions such
as the Middle East and Africa, followed by Asia Pacific [6]. Figure 1 shows the statistics and projection
of subscriptions of mobile telecommunication networks between 2008 and 2017, and this figure illustrates
that the demands for wireless and mobile telecommunication networks are rapidly
increasing accordingly.
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Figure 1. Mobile telecommunication network subscription (2008-2017) [8].

Significantly, the wireless and mobile telecommunication networks are very popular due to their
capacity to provide radio coverage over a wide geographic area [9]. This, in particular, is practical for
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remote telecommunication applications where, through the installation of Base Stations (BSs), the
development of the wireless and mobile telecommunication networks can be achieved. Furthermore,
limitless communication can be made available to mobile users via the wireless and mobile
telecommunication networks [10]. Presently, there are several types of BSs that can be found supporting
macro, micro, and small (e.g., pico and femto) cells, where each of the cells varies in its specific coverage
capability, energy consumption, deployment arrangement, and costs [3,11-13]. In the case when the
connection to the electricity grid is unavailable or it is very costly to extend the electricity grid
connection, macro BSs are preferable by the telecom operators as compared to the micro and small
cells’ BSs that are much lower in coverage capability and energy consumption [10,13]. This type of
macro BS is also known as the off-grid BS, where its application is suitable for remote
telecommunication applications [10].

At present, there are approximately four million macro BS sites installed worldwide, and each of the
BSs consumes an average of 25 MWh of electrical energy per year [10]. Based on a report by the Groupe
Speciale Mobile Association (GSMA), the growth of macro BSs between 2007 and 2012 almost doubled
the number in 2012 compared to 2007, especially in the case of off-grid BSs that are located in
Sub-Saharan Africa and South Asia [14]. The numbers also started to increase from 2013 onwards at a
rate of 25% per annum (and the trend is expected to continue), parallel to the increasing traffic demands,
especially in developing regions [3]. Despite the wide coverage capability offered by the off-grid BSs,
the BSs are the most energy-intensive part of the mobile telecommunication networks which lead to high
amounts of GHG emissions and high operational costs [9]. Additionally, the high power consumption
by the BSs can also overburden the macrocells and consequently reduce the quality of service (QoS) of
the BSs' coverage [15,16]. Therefore, the need for the telecom operators to implement energy efficiency
solutions is critical in order to reduce their costs and improve the QoS and the GHG emissions associated
with the operation of off-grid BS sites.

Diesel generators used to be widely deployed for powering BSs; however, over time, the idea of using
diesel generators as a primary or back-up power supply has become less favorable due to the challenges
linked to their reliability, availability, high operational and maintenance (O&M) costs,
and their significant environmental impacts [5,17]. In the context of powering off-grid BSs, key features
such as the economic, environmental, and social sustainability of BSs are critically important. Hence,
methods using renewables coupled with sustainable energy storage solutions are now receiving more
attention than before.

In this paper, the focus shall be on off-grid BSs operating in the context of remote telecommunication
applications. The conventional and emerging power supply and energy storage solutions as well as the
key aspects considered in selecting, sizing, and optimizing them are reviewed. These solutions mainly
include diesel generators, sustainable options based on renewables, and hybrid power supply (i.e.,
Photovoltaic (PV)-wind, PV-diesel-battery, PV-wind-diesel, and PV-fuel cell systems) and energy
storage systems. Additionally, the paper also discusses the operating and control strategies used for
managing the hybrid power supply and energy storage systems.
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2. Power Supply and Energy Storage Solutions for Off-Grid Base Stations
2.1. Overview

A reliable and continuous power supply arrangement is an essential requirement to be considered
when powering off-grid BSs to ensure that the mobile users and telecom operators do not experience
any service outages. Over the years, powering off-grid BS sites has been done using typical power supply
solutions such as diesel and petrol generators either alone or together with renewable energy sources
(e.g., hybrid PV-diesel power supply systems with or without energy storage). Such power supply
solutions are particularly favorable in areas where either extending the grid connection to power the BS
site is not economically attractive or the existing grid electricity is not uninterruptedly available to
guarantee a continuous power supply [10].

Following the emerging concept of green telecommunication networks, the realization of powering
the BS sites using sustainable solutions has started to receive significant attention. Because of that,
various studies and developments have been done in order to help the telecom operators to shift away
from using diesel generators as their primary power supply solution for BSs. It is being realized that by
moving away from diesel generators, the unreliability factors and the high O&M costs usually associated
with this solution can be avoided. In this section, various power supply and energy storage solutions for
off-grid BSs are discussed.

2.2. Diesel Generators

Diesel generators were among the earliest technologies used as backup or primary power supply
solutions for BSs in areas with poor or no access to the main grid [18]. Nordin and Lindemark [19]
discussed that for an off-grid BS site application, the sizing of a diesel generator is usually done
based on the estimated final capacity of the diesel generator. Hence, all sorts of loads such as linear
resistive, capacitive, inductive, non-linear, and linear loads are taken into consideration when sizing the
diesel generator.

The key advantage of deploying diesel systems is that the system can be tailored according to the load
demand. However, the issue of reliability has always been questionable, and the most obvious factor for
the diesel generator is its failure probability at power-up, particularly in cold environments. The common
failure figure that is often reported is 0.5%, or 5 out of 1000 start attempts fail [19]. This is enough to
put an extra set of diesel generators in place to increase reliability, particularly for applications where
100% reliability is needed. Although the reliability increases about 200 times by having extra generators
on standby, the additional costs associated with this approach may still render this configuration
unfavorable for the telecom operators from an economic point of view [19]. Additionally, the rollout of
BSs using diesel generators can add a significant amount of GHG emissions to the environment. As
reported by Webb [2] of SMART 2020: Enabling the low carbon economy in the information age, the
comparison of projected GHG emissions in the telecommunication sector between 2002 and 2020 shows
that an increment from about 150 Mt COze in 2002 to 350 Mt COze in 2020 is expected. Likewise, from
the same report, the mobile network dominates the highest amount of GHG emissions and 103 Mt COze
is estimated to be released in the environment in 2020 if there is no obligatory action taken in order to

achieve green telecommunication networks.
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Another major issue associated with deploying the diesel generators for powering off-grid BS sites is
that the performance capability of the diesel generators is very low and often inefficient, at about 30%
or less, while the rest of the energy is lost as heat [5]. This, in turn, greatly contributes to the high O&M
costs of the BSs powered by these generators. In a specific case of BSs in remote Kenya, it takes more
than 100 trucks to supply enough fuel to the BS sites and a lot of full-time technicians are required to
overcome the service outages, leading to various economic disadvantages (e.g., additional unnecessary
labor, fuel, and transportation costs) [5]. Another example shows that a telecom operator like Vodacom
has to spend more than $5 million per year for all of their 157 diesel-powered BS sites (about $32,000
per year per BS) located in the Democratic Republic of Congo (DRC), mainly for O&M purposes [5,20].
Additionally, it is noteworthy that there are also other common issues related to the deployment of diesel
generators such as noise emission, oil spillage, theft risk, and limited shelf life [5,18,19,21-24].

2.3. Renewable Energy Solutions

Harvesting energy from renewable energy sources (i.e., solar and wind, in this case) to generate
electricity for powering off-grid BSs is not a new feasible option. These solutions have been strong
choices for powering BSs due to their abundant availability in a wide range of geographical locations
around the world. Additionally, the components in solar- and wind-based systems are usually modular,
which makes the design, expansion, and installation of these types of systems for the BS sites very
practical and feasible [5]. However, due to the unpredictable and intermittent nature of wind and solar,
the systems running on these sources typically need to be integrated with other means of renewable or
non-renewable power supply and/or energy storage solutions in order to ensure the continuity of power
supply in a BS site [25].

In a study conducted by the GSMA, which is a mobile trade organization, 320,100 renewable-based
off-grid BS sites have already been rolled out in 2014 in regions like South Asia, Sub-Saharan Africa,
Latin America, East Asia, the Pacific, and the Caribbean [26]. This number is expected to increase
further in 2020 with about 389,800 sites [27]. Paudel et al. [28] highlighted that conducting a feasibility
assessment is essential when designing renewable energy systems. This is to mitigate any poorly
designed power supply system that is inefficient for powering a BS site. As is often the case, the
renewable energy systems are usually over-sized, and this imposes high capital and O&M costs to the
telecom operators. In the same study, Paudel et al. [28] also claimed that 99.99% reliability can be
achieved if solar and wind are deployed concurrently as a power supply solution and that the calculated,
levelized cost of electricity supplied over the lifetime of the system and for an optimum design was
reported to be just under $0.90 per kWh.

Another techno-economic study was conducted by Moghavvemi et al. [22] based on a HOMER
(Hybrid Optimization of Multiple Energy Resources) analysis study for a standalone PV system
supported by a battery energy storage system. The result showed that the optimal levelized cost of
electricity for the power supply system can be as low as $0.46 per kWh based on a PV contribution of
more than 100%, with excess energy after meeting the load demand and a battery autonomy of 2.6 days.
Kusakana and Vermaak [5] discussed in their study that a PV system showed the lowest net present cost
(NPC) which is $8,336 per year compared to a wind system and a diesel system with costs of $11,420
per year and $29,773 per year, respectively, when used to power a BS site in the Democratic Republic
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of Congo. These NPC values were based on the total sum of capital, replacement, and O&M costs while
considering the salvage value of the power supply components.

Furthermore, with the existence of a new generation of small wind turbines that are lightweight and
highly efficient, the future of wind-powered BSs looks more promising than before. This is due to the
ability of the wind generators to supply power at lower wind speeds (e.g., 2 m/s) compared to the
conventional models of wind generators (e.g., wind speeds at 3—6 m/s) [27,29]. Currently, the existing
deployment of the new generation small wind turbines can be found in remote locations like the Middle
East and Africa [27]. Based on a trial operation of Zephyr’s Airdolphine PRO 48V DC wind turbine
(generating 260 W at 6 m/s) at a BS site in Namibia, running a wind-battery system with a typical load
of 1.2 kW, the wind turbine produced an average daily energy production of 2.4 kWh [30]. On best day
of operation, the energy production went up to 10.1 kWh, making the trial operation a success for the
wind turbine to complement the batteries since the application of the PV system is not relevant to that
site. Moreover, using the same model of wind turbine, Vodacom tested the wind turbine at a low daily
average of wind speeds, from 0.7-6.8 m/s, at a trial site in Tinana, South Africa [30]. The result showed
that an average of 0.9 kWh was achieved and, on the best day, 6 kWh was produced.

2.4. Hybrid Power Supply Systems
2.4.1. Why Hybridization?

The hybrid power supply system is designed to utilize a combination of two or more power supply
solutions (e.g., PVs and diesel generator) in order to achieve a more feasible, reliable, and
environmentally friendly power supply arrangement. In particular, in terms of reliability, the deployment
of a hybrid power supply system is able to reduce the intermittency of power supply and, accordingly,
the need for a larger size of energy storage solution (e.g., batteries or hydrogen
storage system) [10,31,32]. The selection of a hybrid power supply solution for a particular BS site is
highly dependent on the availability of resources at the location [33]. Presently, the most common
arrangements of hybrid power supply systems that are used to power BSs are PV-wind,
PV-diesel-battery, PV-wind-diesel, and PV-fuel cell systems.

2.4.2. Conventional Hybrid Power Supply Systems
PV-Wind Systems

A hybrid PV-wind system generates energy to meet load demands through the good complementary
effect of wind speed and solar radiation [34]. However, due to the stochastic nature of solar and wind
energy, the hybrid PV-wind system (as shown in Figure 2) might need some form of energy storage
(e.g., battery banks) that helps bridge the intermittency of the wind and solar energy sources and thus
subsequently supplies power when the renewable energy sources are unable to meet the load demand [35].
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Figure 2. Typical configuration of a hybrid PV-wind system in a base station site.

Numerous literature has discussed the application of a hybrid PV-wind system for off-grid BSs.
Hashimoto et al. [36] conducted a research study on a BS site in Yonaguni Island, Japan, where they
proposed an optimal sizing of a hybrid PV-wind system and studied the possibility of service outages in
three scenarios of battery capacity. The results showed that the system required a three-day backup
battery in order to maintain zero hours of service outages. Furthermore, in a study conducted by Yu and
Qian [37], the optimal sizing and control strategy of a hybrid PV-wind system was proposed where the
dual-closed loop control method was used to track changes of wind energy in order to eliminate the wind
change impacts on the hybrid PV-wind system.

Further optimization was made by Ribeiro ef al. [38] to a hybrid PV-wind system used for powering
an off-grid BS site where multi-input converters (comprised of a Cuk (current-voltage-current) and a
buck converter (voltage-current-voltage)) are connected to the PV and wind generator, respectively.
Two fault diagnosis techniques for the Cuk and the buck converter were suggested and analyzed using
MATLAB/Simulink. As a result, the techniques allow an uninterruptible power supply for the BS by
focusing on maximizing the usage of output power from the PVs and wind generator based on the
utilization of the PV maximum power point tracking (MPPT) and port converter properties. Moreover,
due to the ability to only use control variables to ensure a continuous power supply to the BS, no
additional sensors or equipment (i.e., amplifiers) are needed to do so.

PV-Diesel Systems

The hybrid PV-diesel system (typically with battery energy storage) is a comprehensive power supply
system that works based on the complementary roles of the key components of the system; for instance,
the high capital cost of the PV is compensated by the low capital cost of the diesel generator while the
high O&M costs of diesel are compensated by the low O&M costs of PV. In most cases, the energy
generated by the diesel generators is fairly available during the absence or shortage of the PV’s power
output [39]. Additionally, while the existence of diesel as a back-up power supply increases the reliability
of the hybrid PV-diesel systems, the overall capital and O&M costs can be further decreased by
employing a much smaller size of PVs and batteries [39].

Husain and Sharma [40] conducted a HOMER study for a hybrid PV-diesel system used to power
a substation in Nepal and found that based on an NPC economic analysis approach of an optimized
hybrid PV-diesel system, the cost of electricity supplied by the system was found to be $0.50/kWh.
When compared with a diesel-only system, the cost of electricity supplied by the system was found to
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be $0.70/kWh. Additionally, by adding an inverter to the hybrid PV-diesel system, there was an
improvement in energy delivery from the PV without the need to discharge the battery as long as there
is enough solar radiation onsite [40]. This can help prolong the battery’s lifetime and prevent the
intermittency of the diesel generator, making the combination of the hybrid PV-diesel to be feasible and
practical when compared to a diesel-only system [40].

In another HOMER study by Moghavvemi et al. [22], an optimized hybrid PV-diesel system proposed
to power an off-grid FM (frequency modulation) transmitter located in Kuantan, Malaysia, yielded the
lowest cost of electricity, at $0.26/kWh, when compared to a diesel-only system and a PV-only system,
at $0.36/kWh and $0.46/kWh, respectively. This optimization was done by considering the two key
parameters of autonomy days and PV contribution, suggesting half a day of autonomous operation with
a PV contribution of 110% (meaning there was a 100% PV contribution and an additional 10% of excess
power from the PV) in order to achieve the lowest electricity cost of $0.26/kWh [22].

It is important to note that factors such as high emissions from diesel usage, possible future increased
cost of diesel prices, and unreliability suggested by the service outages (e.g., due to poor supply of fuel
or fuel theft) are some of the limitations that prevent the hybrid PV-diesel system to be favorably
deployed for powering off-grid BS sites [41-43]. Figure 3 shows a typical set-up of the hybrid PV-diesel
systems where the power is primarily supplied by the PV system and the diesel generator acts as a
complementary power supply system to overcome the intermittency of solar energy. During periods
when the PVs are able to generate excess energy, the energy storage is used to store the excess energy
as a short-term energy storage option. Nevertheless, due to the non-existence of reliable long-term
energy storage, the PV-diesel system is not reliable enough to power the off-grid BS sites with a seasonal
type of loading [43].
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Figure 3. Typical configuration of a hybrid PV-diesel system in a base station site.
PV-Wind-Diesel Systems

In hybrid PV-wind-diesel systems, electrical energy is supplied primarily from solar and wind energy
while diesel is used as a secondary or backup power supply when the PVs and wind generators are unable
to produce enough power for the off-grid BS [21,44]. Figure 4 shows the typical configuration of a
hybrid PV-wind-diesel system for powering a BS site. The study conducted by Bitterlin [45] suggests
that the hybrid PV-wind-diesel systems are ideal for powering large-sized BSs of 4 kW or more. A
similar study has been conducted by Goel and Ali [46] based on a hybrid PV-wind-diesel system that is
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located at the island village of Barakolikhola in Odisha, India. The study showed that desirable outputs
such as low emissions, low operating costs, low net present cost (NPC), and levelized cost can be
achieved when deploying a hybrid PV-wind-diesel system to the BS site rather than a diesel-only power
supply system. They also showed that the deployment of such a hybrid system is more viable, both
technically and economically, when used for larger load demands.
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Figure 4. Typical configuration of a hybrid PV-wind-diesel system in a base station site.

Sharma ef al. [47] studied the optimization of a hybrid PV-wind-diesel system based on a HOMER
analysis of an off-grid BS site located in Imaliya Bhanpur, India. The results showed that the NPC of
the hybrid PV-wind-diesel system is 10% and 15% lower than the hybrid PV-diesel and wind-diesel
systems, respectively. In addition, the cost of electricity per kWh for the three hybrid systems (i.e.,
PV-wind-diesel, wind-diesel, and PV-diesel systems) was found to be $0.70/kWh, $0.77/kWh, and
$0.76/kWh, respectively.

Another HOMER study conducted by Olatomiwa et al. [48] suggests that the hybrid PV-wind-diesel
systems are used to replace diesel generators that were previously deployed for off-grid BS sites in
Nigeria. This is because the hybrid PV-wind-diesel system yield a lower cost of electricity at $0.45/kWh
compared to hybrid PV-diesel and diesel-battery systems, where both suggested a unit of electricity of
$0.66/kWh in this case study. Moreover, the renewable fraction of the hybrid PV-wind-diesel system
was found to be higher (i.e., above 82%) than just that for the hybrid PV-diesel system (i.e., at 19%),
making the proposed hybrid power supply system to be feasible and environmentally friendly compared
to other hybrid power supply configurations.

PV-Fuel Cell Systems

A hybrid PV-fuel cell system is a sustainable solution (if hydrogen is produced and supplied
sustainably) that can be used to power an off-grid BS site based on the attractive features of the PV and
fuel cell technologies, such as high efficiency, modularity, and fuel flexibility [49]. Figure 5 shows the
typical configuration of a hybrid PV-fuel cell system used for powering a BS site. Generally, the fuel
cell system is used to back up the power supply system by covering the intermittency of the PV system,



Energies 2015, 8 10913

particularly when the energy storage of the system is unable to supply enough electricity to meet the BS
demand. The preferred fuel cell option for this purpose is Proton Exchange Membrane Fuel Cell
(PEMFC) due to its low operating temperature (e.g., 60—100 °C), rapid start-up, and rapid response to
variable loads [50]. The PEMFCs can run on pure hydrogen that can be supplied to the site or generated
onsite, for instance, through water electrolysis or reforming methanol and natural gas [51].
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Figure S. Typical configuration of a PV-fuel cell system in a base station site.

In a study conducted by Jiang [49], an unattended test operation of a hybrid PV-fuel cell system was
conducted for a remote radio-telephone repeater station. The results showed that the power supply system
operated without any failure for 3239 h (or over 229 days in service) and completed 177 start-stop cycles
and kept the batteries at an average of a 76% state of charge (SOC). However, the test operation failed
not long after that due to overheating from the fuel cell as the ambient temperature increased and the
cooling system was left in an idle state in order to reduce energy consumption of the BS. This highlights
the importance of an effective thermal management system for such power supply arrangements; this
will be further discussed in section 3.4 of “Thermal Management of Base Stations”.

Another case study of a remote radio-telephone repeater station was conducted by Lehman ef al. [52]
with the aim of deploying a feasible power supply system for the repeater station. They found that
a PV-only system was not feasible as it required a large number of PVs, whereby the diesel-only system
required huge amounts of diesel to run the repeater station. Because of that, a hybrid PV-fuel cell system
was proposed and the result showed that the PEMFC performed flawlessly as a backup power supply to
the hybrid system at 400 to 800 h of operating hours per year. Moreover, a temperature switch was
introduced in order to overcome the overheating issue that was previously experienced by the hybrid
PV-fuel cell system.

A study by Rekioua et al. [33] added that a Power Management Unit (PMU) managed to successfully
improve the power coordination between the PVs and the fuel cell. By adding the PMU to the power
supply system, the number of PVs needed in addition to the capital cost of the hybrid PV-fuel cell system
was further reduced. However, drawbacks like slow dynamics in the fuel cell system and the high capital
cost of the fuel cell somewhat inhibited the deployment of the proposed hybrid PV-fuel cell system for
the remote telecommunication applications that the system was designed for.
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2.5. Energy Storage
2.5.1. Overview

Energy storage is an important element in a hybrid power supply system, simply to fill the gaps of
supply when utilizing intermittent renewables (e.g., during the absence of sufficient wind and/or PV
power output or during unexpected or irregular load consumption) [53]. In addition, the energy storage
system stores surplus energy during the periods when the energy generation is more than the demand
and releases this energy when the load demand is more than the energy generation [54]. The energy
storage also acts as an energy buffer by compensating the imbalances found between the energy
generation and the demand and it improves the system's reliability so that any power interruption within
the telecommunication networks can be mitigated [54].

As discussed by Koutitas and Demestichas [54] and Yekini Suberu et al. [55] in their literature,
common types of energy storage systems can be classified into four main categories which are
mechanical (i.e., flywheel, pumped hydro system (PHS), and compressed air storage systems), electrical
(i.e., super-capacitors, capacitors, and superconducting magnetic energy storage (SMES)),
thermal (i.e., low and high temperature energy storage systems), and chemical (i.e., electrochemical,
thermochemical, and chemical storage devices).

Thus, in this paper, the focus will only be on the electrochemical type of energy storage systems,
including batteries, hydrogen systems, and hybrid energy storage systems (e.g., batteries and hydrogen
energy storage systems) that are widely used with power supply systems for powering off-grid BSs.

2.5.2. Electrochemical Energy Storage Solutions
Batteries

A battery is a type of electrochemical energy storage device that can convert stored chemical energy
into electrical energy and vice versa during its recharge process [54]. Typically, the battery can be
classified into two categories, which are low-temperature internal storage and high-temperature external
storage. The low-temperature internal storage is an energy storage system that can optimally perform at
room temperature (e.g., 25 °C) and some examples of this are lead acid (PbOz2), nickel cadmium (NiCd),
lithium ion (Li-on), sodium metal-halide, and nickel metal hydride (NiMH) batteries [55]. Using these
batteries at extreme cold or hot conditions can negatively affect their charging and discharging
performance [56—60]. For high-temperature external storage, its chemical storage system and electrical
conversion unit are separated but somehow linked during charging or discharging processes in order to
allow the electrochemical reaction exchanges to happen [55]. Some examples for this type of battery are
redox-flow and primary batteries with external regeneration.

According to Divya and Ostergaard [61], the lead-acid batteries incorporate the most mature
technology and have been used for most power supply system applications. However, the Li-ion and
NiCd batteries seem to demonstrate the latest development in battery technology due to their smaller
size, low weight, and ability to offer a high energy density and storage efficiency of close to
100% [60,62—65]. Despite the advantages possessed by the Li-ion and NiCd, major drawbacks of these
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types of batteries are their high cost and the unfavorable effect of deep discharging across the
battery’s overall lifetime [60,62—65].

For off-grid BS applications, the sizing of the battery is very much dependent on the following system
requirements: voltage and current; charge and discharge rates and duration; operating temperature during
charge and discharge; life in number of charge and discharge cycles; as well as cost, size, and weight
constraints [66]. As studied by Rijssenbeek et al. [18], the deployment of highly durable batteries like
sodium-metal halide are useful in supporting diesel systems. Additionally, Rijssenbeek et al. [18] also
found that a fuel savings of up to 50% and a reduction of up to 70% in the overall running time of the
diesel generator can be achieved by using such batteries.

In a study conducted by Merei et al. [67], the economics of PV-wind-diesel systems for off-grid BSs
with three different battery technologies (i.e., lead-acid, vanadium-redox-flow, and Li-ion) were studied.
The results showed that by adopting batteries in the power supply systems, the energy costs became 50%
cheaper compared to the energy costs generated by the diesel generator alone. Additionally, when
comparing the economics of the hybrid PV-wind-diesel systems with the three types of battery
technologies, vanadium-redox-flow systems yielded the cheapest technology ($0.73/kWh) compared
with lead-acid ($0.77/kWh) and Li-ion batteries ($0.81/kWh) [67]. Merei et al. [67] also discussed that
without the deployment of batteries in a hybrid renewable-based system (e.g., PV-wind-battery system),
the energy cost was found to be too expensive, about $1.52/kWh.

Hydrogen-Based Energy Storage Systems

The use of intermittent renewable energy as a power supply source has led to the utilization of
hydrogen as a means of energy storage, both for long-term and short-term solutions as discussed in
various studies of Bak et al. [68], Ghosh et al. [69], Agbossou et al. [70], Kaviani et al. [71], and Bahman
and Andrews [50]. By linking the fuel cells and an electrolyzer together, the combination can form a
fuel accumulator-like device that can store and generate electricity through electrical processes [55,72].
For a hydrogen-based energy storage system that only requires hydrogen to “fuel” the system, the
deployment of such a system would generate no carbon-based emissions (e.g., CO2). Moreover, having
the flexibility to store energy in the form of hydrogen, either in gas or liquid phase, or by using metal
hydride allows broader prospects to deploy this type of energy storage system for various types of
applications (e.g., telecommunication, remote power supply, residential, acrospace, efc.) [73-76].

Vosen and Keller [73] discussed in their literature that the hydrogen-based energy storage systems
can store energy cheaper than conventional batteries, making this option feasible when coupling with
renewable energy systems or hybrid power supply systems. However, the high capital costs associated
with the hydrogen-based energy storage system somewhat offset the low energy storing cost when
hydrogen balance is achieved, and this issue hinders the future development of the system [73,77,78].

In the context of off-grid BS applications, the hydrogen-based energy storage systems have received
increasing attention for providing a more environmentally friendly telecommunication network as well
as acting as a major foundation to support the future hydrogen economy [55]. The common type of fuel
cells that can be found in the off-grid BS application is PEM fuel cells due to their low operating
temperature (i.e., easy to start-up), quick response to changing loads, and durability. The PEM fuel cells
also possess other advantages compared to other types of fuel cells, such as simplicity in design, robust



Energies 2015, 8 10916

yield, low emissions, and low weight with high power density, as well as the ability to use atmospheric
air for energy generation [55]. Figure 6 shows an example of the application of a hydrogen-based energy
storage system in a hybrid PV-hydrogen system for powering off-grid BSs [79]. By integrating the PVs
with the use of the hydrogen energy storage system, an environmentally friendly power supply can be
generated which further reduces the O&M costs of the power supply system [80,81].
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Figure 6. An example of a hydrogen-based energy storage system application present in
a PV-hydrogen system for an off-grid base station.

In a study conducted by Agbossou et al. [82], the performance of a hybrid PV-wind-hydrogen system
is studied comprehensively for a telecommunication station. The results of the analysis showed that the
excess power from wind is used to generate hydrogen for later usage when the renewables are
unavailable. Furthermore, in the same study, the efficiency of PEM fuel cells was found to be better than
42% when linked to a DC/DC converter, and this helps to stabilize the power supply to the station.

Dokkar et al. [83] studied that for a BS site in Algeria running a hybrid PV-hydrogen system, due to
the absence of short-term energy storage (e.g., batteries), the number of PVs was found to be relatively
high (i.e., 80 modules of 300 W), which led to the high capital cost of the system. Nevertheless, the
integration of the PV system and hydrogen-based energy storage system (i.e., fuel cell and electrolyzer)
has managed to overcome logistical problems (e.g., during the case of deploying diesel
generators or batteries).

Hybrid Energy Storage Systems

The development of renewable-based standalone power supply systems is hindered partly due to the
lack of feasible energy storage solutions. In most cases, the seasonal variation of renewable energy
sources is the main factor that leads to the deployment of long-term energy storage solutions, while
the intermittent nature of the renewables permits the deployment of short-term energy storage
solutions [39,84,85]. As discussed by Vosen and Keller [73], conventional battery storage is energy
efficient with round-trip efficiencies of 80%—-90% (when used as short-term energy storage), but the cost
of storing electrical energy in the batteries can be considerably more expensive than hydrogen-based
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storage. This higher cost is mainly linked to the maintenance cost of battery systems, particularly in
remote sites with no easy access [50]. This is while the hydrogen-based storage systems are usually of
higher capital costs compared to batteries. Hence, by hybridizing both types of solutions (i.e., long-term
and short-term energy storage) through the deployment of multiple energy storage arrangements, they
can complement each other through their performances.

In hybrid storage systems in which both batteries and hydrogen systems are used, the overall cost of
the system, depending on the nature of the applications, can be cheaper [41,73] or more expensive [39,50]
than using either of the systems alone. Based on a techno-economic study by Bezmalinovic et al. [39],
the levelized cost of electricity with and without a hybrid energy storage system (i.e., PV-hydrogen-
battery and PV-battery systems, respectively) was found to be $0.70/kWh and $0.72/kWh, respectively.
However, in an experimental study made by Petrollese et al. [86], by expanding the hydrogen-based
storage capacity compared to adding batteries in renewable energy power supply systems, a savings of
about 10% was achieved in annual O&M costs and a 6% decrease of energy losses was expected.
However, either way, hybridization of the storage system can enhance the reliability of the system that
is essential in BS sites in which 100% reliability and uninterrupted operation are required [41,50,87-90].
Figure 7 shows the schematic diagram of a hybrid energy storage system used in a typical BS site. The
mechanism of the hybrid energy storage system is similar to that of a hybrid PV-fuel cell system.
However, the ability to generate hydrogen onsite from the excess energy produced by the PVs is a great
option for BSs with seasonal variant loading.

Photovoltaic panels

. . Base station
(:)
Controller

»
Lol

Battery banks

-4-__

Fuel cells

m

-

Hydrogen
tanks

Electrolyser

Figure 7. An example of a hybrid energy storage system (i.e., batteries and hydrogen system)
application present in a PV-hydrogen/battery system for off-grid base stations.

3. Key Aspects of Power Supply System Design for Off-Grid Base Stations
3.1. Overview

A comprehensive load profile study is essential in order to achieve a well-designed power supply
system. In the case of off-grid BS electrification, the study of the load profile allows the possibility to
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achieve a balance between the energy demand and supply for the purpose of obtaining an optimum and
cost-effective power supply system [35]. Generally, the energy consumption of an off-grid BS site varies
throughout the day concurrently with the energy production by renewable sources [91]. Similarly, the
variant mode of operations of the BS (e.g., during low traffic or peak traffic mode) also has an impact
on the energy consumption pattern of the BS [91,92]. For the case of mobile and wireless
telecommunication networks, the end users are connected to the BSs through a wireless channel, where
each of the BSs is connected to other networks via a wireless point-to-point link or wired-based
connection [92,93]. At present, several wireless access technologies have existed, and the latest one is
LTE (Long-Term Evolution), similarly known as 4G technology, and 5G technology will be
deployed soon [93].

As discussed in numerous literature, different metrics have been defined to date for measuring energy
efficiency and power consumption at various levels (i.e., component level, access node level, and
network level) wherein the energy efficiency represents the ratio of attained utility (e.g., coverage area,
output power, bits transmitted, efc.) to the power consumption and vice versa for the case of the power
consumption metric [94]. To improve the energy efficiency of BSs, strategies such as reduction of the
BS energy consumption through sleep or idle mode [3,9,92,93,95]; device-to-device (D2D)
communication [96]; utilization of high efficient technologies (i.e., improved power amplifiers,
high-efficient air conditioning systems, cognitive radio technology, as well as fixed and
cooperative relays) [3,15,16,92,95,97]; critical energy management [98,99]; proper sizing and
optimization of the power supply system [10,13]; site sharing and heterogeneous cellular networks
[3,92,99,100]; as well as cell shaping and an increased number of carrier frequencies [94,95] can be
deployed to achieve the energy efficiency of BSs at various levels.

Typically, an off-grid BS site needs to supply an average of 1-3 kW throughout the day in order to
power all the equipment and sections of the BS [101]. Lorincz et al. [99] discussed that the energy
consumption of the BS can be divided into two sectors: first, the radio frequency equipment which
comprises power amplifiers and transceivers and, second, the support system which comprises AC/DC
power conversion modules, heating and/or air conditioning elements, analogue and digital
signal processors, battery backup, efc. [99]. Figure 8 shows an example of the breakdown of power
requirements for different modules in a typical high-powered off-grid BS site (of about 2 kW) where
the radio frequency, heating and/or cooling systems, and power supply are the top three main
energy-intensive elements of the site with power requirements of 1000 W, 500 W, and 150 W, respectively.
To accurately analyze the load of a BS site, the power model approach can be used as suggested by
Auer et al. in [12] and [102], and the relation between radio frequency power transmission and power
supply consumption is established accordingly. Additionally, the total energy consumption can be
expressed as Equation (1) below:

PTOTAL = Ngc [nTXPAmp + PTrans + PProc + PDC/DC + PGen] + PCool/Heat (1)

where Prorac is the total energy consumption of the BS, nsc is the number of sectors, nrx is the antenna
number of the BS, Pamp is the energy consumed by the amplifier, Prrans is the energy consumed by the
transceiver, Pproc 1s the energy consumed by the digital processing equipment (i.e., radio frequency and
baseband), Ppc/pe is the energy consumed by the converter, Pgen 1s the energy consumed by power
supply components, and Pcoor/tear 1 the energy consumed by the cooling/heating system.
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Figure 8. Power requirements of different modules in a typical base station site [91].

3.2. Pre-Feasibility Study

The first step in designing an optimal power supply system for an off-grid BS site can be done through
a comprehensive pre-feasibility study where the performance of the power supply system is dependent
on the environmental condition of the BS site. Hence, the need to conduct a specific site analysis is
critical in order to investigate the potential associated cost, the component size needed, and the overall
economics of the proposed power supply system [77]. For a power supply solution that uses renewable
energy, meteorological data are important in order to properly size and optimize the power supply system
for the off-grid BS. Commonly, the meteorological data can be obtained based on historical data of the
location; however, for sites that do not have complete records, experimental measurements or high
accuracy estimation is being used in order to predict the data [103].

The two likely approaches for estimating the meteorological data are the chronological approach and
the stochastic approach [103]. In the chronological approach, the first step is to determine the wind or
solar profile of the site. This can be done by obtaining information from the Internet or producing the
wind or solar profile through a calculation-based approach. Secondly, for any incomplete data sets, the
information can be synthesized by introducing some randomness when synthesizing the data sets. This
can be done by using statistical algorithms (i.e., the Graham algorithm or Graham model, which is a
method to generate synthetic hourly solar radiation that is commonly used in solar simulation design
work [104]) that can be found in the HOMER [103]. Although the chronological approach is quite
straightforward, the downside of the approach is that it cannot represent an accurate future climate
condition due to the nature of the climate that is varying from year to year [103]. Therefore, when that
is the case, a more complex approach such as the stochastic approach shall be used where the availability
of the energy resource and load demand are considered as random variables.
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3.3. System Sizing and Optimization

Proper sizing and optimization of the power supply systems used for powering off-grid BSs can have
positive impacts toward the systems' reliability, as well as toward the costs associated with their
installation, operation, and maintenance [105]. Various studies have been carried out by other
researchers to design for the sizing and optimization of the standalone power supply systems, and these
the studies mainly focused on suitable hybrid components and configurations of the system at the lowest
possible cost while meeting the load demands of the BSs at all conditions [106].

Generally, the sizing and the design of the power supply systems are dependent on the location and
environmental conditions of the site, where the availability of the site’s weather data determines the
appropriate sizing method that shall be used to carry out the design and sizing of the systems [107].
Using the existence of weather data, conventional sizing approaches are applied based on the concept of
energy balance and the reliability of supply [107]. For instance, to size a PV system, long-term
meteorological data is needed. As discussed by Marsan et al. [92], sizing of the PV system can be done
by looking at the month with the minimum energy production. The value of the nominal peak power of
the PV system is then matched with the energy requirement of the BS on average [92]. Additionally, the
daily average load demand together with the daily average available energy from the sun are balanced
in order to obtained the number of PV arrays required by the system [107]. Being the simplest technique
in sizing the power supply components, the energy balance takes into consideration the path losses and
efficiencies of the energy sources (i.e., renewable energy), converters, and controllers, while the
reliability of the supply approach estimates the loss of load probability by calculating the ratio of all
energy deficits to the load demand at a certain period of time [34,108,109]. Likewise, other similar
concepts for the reliability of the supply approach are loss of power probability (LOPP), loss of power
supply probability (LPSP), and load coverage rate (LCR) [107].

However, in most cases (i.e., particularly in off-grid BSs), the weather data is often absent and more
complex techniques (i.e., Artificial Intelligence (Al)) are needed [107]. This is when the Al generates
results based on the prediction or classification of input data (with an appropriate degree of error) and
presents it as new sets of data patterns of previous examples and models [107]. The examples of the Al
techniques that are commonly used for the design and sizing of the power supply systems
are the  Artificial Neural Network (ANN) [110,111], Fuzzy Logic [108,112],
Genetic Algorithms (GA) [43,66,101,105,113], wavelet transforms [114], and hybrid methods with
multi-objectives (combinations of two or more Al techniques) [115,116]. An example of PV system
sizing using an Al technique of the ANN is where the longitude and latitude of the BS site location are
considered as the inputs to the ANN. The outputs are then estimated based on the ANN model for sizing
of the PV system. As a result, the ANN technique is able to determine the number of PV arrays and the
size of the batteries with a relative error of less than 6% [117].

Often after the design and sizing of the power supply systems, optimization of the system is
needed in order to further minimize the system cost and at the same time increase the reliability of the
system [107]. This can be done by assessing appropriate performance indicators in order to measure the
level of feasibility and reliability of the power supply components [115]. Some of the key performance
indicators used when carrying out the optimization of the power supply systems are: levelized cost of
energy (LCE), which is an economic assessment of the energy generated by the power supply system
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based on the calculated ratio of the total annualized cost of the system to the annual electricity supplied
by the system [118,119]; the battery’s state of charge (SOC), which measures the energy storage capacity
of the power supply system [43,120]; the level of autonomy that assess the reliability of the power supply
system by calculating the fraction of time in which the BS demands are met [121-123]; the expected
energy not supplied (EENS), which measures the expected energy that cannot be supplied by the power
supply system [124]; the net present value (NPV), which measures the economics of the power supply
system by calculating the NPV of the system based on the addition of present values of incomes and the
subtraction of the discounted present costs throughout the system's lifetime period [125]; and lastly, the
annualized cost of system (ACS), which is an economic assessment of the power supply system based
on the calculation of the total annualized capital cost, the annualized replacement cost, and the
annualized maintenance cost [126].

The common methods that are used to optimize the power supply systems include Genetic Algorithm
(GA) [66,67,101,105,108,109,116,127—-129], Particle Swarm Optimization (PSO) [71,78,128,130,131],
Simulated Annealing (SA) [132,133], Honey Bee Mating Optimization (HBMO) [134,135], Neural
Networks (NN) [111,114,136,137], Evolutionary Algorithm (EA) [66,116,134,138], and Simplex
Algorithm [128,134,139,140]. In the context of remote telecommunication applications,
Okundamiya et al. [127] applied the GA approach to optimize a hybrid PV-wind-battery system for a
BS site. The GA uses three operators (i.e., selection, crossover, and mutation) and the selection process
begins by evaluating the initial system design (known as chromosome, chosen or set by default) to
preliminarily determine a reliable power supply to meet the load demand. If the evaluation of the
qualified chromosome yields a lower cost of energy than the previously obtained lowest cost of energy
value (based on previous iteration), the chromosome of the system configuration is considered to be the
optimal solution. The iteration of the selection process is then repeated again until the optimal solution
is obtained before moving on to the crossover and mutation operations [127].

As discussed by Erdinc and Uzunoglu [128], another two promising techniques, Ant Colony
Algorithm (ACO) and Artificial Immune System Algorithm (AIS), are increasingly favorable to be used
for power supply optimization. According to Dorigo and Stiitzle [141], the ACO is a technique that was
inspired based on the observation of ant colonies where the larger the colony, the larger the probability
for the ants to use the same food path in the future based on the pheromone level that the ants leave along
the food path. The same theory is adopted when sizing the power supply systems where the energy
resources act as the ant colonies and their sizing configurations act as the coordinates of the food path.
Hence, when the ants search for the food, the ACO will search for the optimal configuration of
the power supply systems based on the iterative process of the search space within the assigned
parameters [128].

3.4. Thermal Management of Base Stations
3.4.1. Overview

The thermal management of BSs is another important key aspect when designing an optimized power
supply system for the BS. In the context of off-grid BS applications, most of the BS sites are located in
remote locations and typically experience moderate to extreme climate conditions (i.e., extreme cold



Energies 2015, 8 10922

and/or extreme hot conditions in mountainous and desert areas, respectively), especially during winter
and summer periods. As is often the case, the extreme low (subfreezing) and/or high temperature
operations can lead to performance degradation of power supply components (i.e., PEM fuel cells and
batteries) due to cold-start, premature capacity loss, overheating, etc. [65,142,143]. For those reasons,
the thermal management of BS components (i.e., BS shelter/cabinets, BS electronic equipment, and
power supply components) is important as they act as a significant measure toward the energy efficiency
of the BSs [144—146]. This is done by regulating the ambient temperature of the BS components to
desirable levels in order to maintain the performance of the BS components [147-153].

Over the years, common approaches for BSs’ thermal management have been limited to only BS
shelter/cabinets and BS electronic equipment. As is often the case, during sizing and optimization of
power supply systems, the thermal loads are usually ignored or assumed to be 30%—-50% of the total BS
load and they are typically studied as one-dimensional [154,155]. Earlier studies showed that the thermal
management for BSs is done using heat recovery systems [156]: thermal management using heat pipes
and thermal electrical elements based on a two-stage heating and cooling process [157]; passive thermal
management using heat pipes for cooling and a power amplifier for heating [158]; thermal management
using Closed Cycled Vapor Turbo generators (CCVTs) [159]; a heating and cooling system of BS
enclosures and batteries using vortex tubes [160]; thermal management using free-cooling and phase
change materials (PCMs) [161]; a thermal energy storage transfer system using PCM, heat pipes, and a
condenser [162]; and thermal management using a two-phase thermo-syphon loop [163]. However, the
studies were limited to only heating and cooling of BS shelter/cabinets, thermally removed heat from
BS electronic equipment, and heating of the batteries.

3.4.2. Cooling

Cooling of BS components is critical in order to maintain an optimum ambient temperature of the BS
shelter/cabinets as well as the operating temperatures of the BS electronic equipment and power supply
components. Tu et al. [154] as well as Darwiche and Shaik [155] reported that the cooling system usually
consumed about 30%—-50% of the total BS electricity in order to maintain the BS at its optimum level.
However, it is noteworthy that the given range may vary at moderate and extreme climate conditions.
Hence, effective cooling is needed in order to maintain the performance and reliability of the BS components.

As the size of BSs continues to increase due to growing demand in the mobile telecommunication
network, so does the power consumption and the heat dissipation level of the BS electronic equipment [ 148].
Settou and Benmhidi [164] discussed that the heat loss of BS electronic equipment varies between
0.5-10 kW, depending on the size and the type of equipment. Zhang et al. [165] suggested that the heat
loss from the BS electronic equipment was found to be 4.35 kW, while the inner heat source of the
BS shelter (with a built-up area of 21.72 m?) was about 200 W/m?. Meanwhile, in another study by
Gianolia et al. [161], a Green Shelter with a built-up area of about 6 m? was used to measure the heat
dissipation of BS electronic equipment together with a power supply system deploying fuel cells as a
backup power supply. The result was found to be 2 kW of the internal heat source and active cooling
with low energy consumption was used for this experimental study.

Effective energy saving measures such as employing highly efficient air conditioning
systems [150,152,153], proper design of the building envelope [154,165,166], indoor airflow
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optimization [167], as well as the reduction of cooling loads through energy efficient BS electronic
equipment and energy management monitoring [168] are some of the solutions that have received more
attention in recent years. A study of BS cooling using a two-phase loop-type thermo-siphon system that
was integrated inside the wall had been introduced by Nakao et al. [166]. The concept of the integrated
wall was to obtain a higher heat transfer coefficient compared to an ordinary wall, which potentially
leads to an estimated savings of 20% of the cooling energy needed by the BS.

Shahirinia et al. [66] studied that by increasing the tolerance of the BS electronic equipment by 4 °C,
from 21 °C to 25 °C, this approach can contribute to about 10% of cooling energy reduction. Choi et al. [152]
studied a new ventilation cooling technology (VCT) for a BS site and found that the VCT can
cool the BS shelter/cabinets by extracting outdoor cold air through a fan that is controlled by an
environmental control when the humidity and temperature of the outdoor air meets the equipment
requirement. This approach remarkably reduces the use of air conditioners. Additionally, Choi ef al. [152]
also discussed that the optimization of the air flow organization has a significant effect toward the heat
dissipation efficiency of the VCT.

Zhang et al. [165] studied the envelope design of a BS located in Guangzhou and recommended that
for a BS where ventilation is not possible, a thermal management solution can be achieved through a
combined design of a high heat transfer coefficient and a low solar absorption roof and wall. A similar
study has also been conducted by Tu ef al. [154] through energy performance modeling of a BS based
on two extreme climate conditions—Harbin (representing the severe cold region) and Guangzhou
(representing the hot region). Two types of air conditioning systems are compared and analyzed using
Designer’s Simulation Toolkit (DeST) and the results showed that the selection of the BS envelope is
influenced by the outdoor climate, the indoor heat dissipation rate, and the type of air conditioning used.
Additionally, Tu ef al. [154] also recommended that a heat pipe-assisted air conditioning system be used
for the cooling of the BS shelter due to its high outdoor cooling capacity.

As discussed by Darwiche and Shaik [155], the factors that affect the design of air conditioning
systems are solar radiation, wind speed, objects surrounding the shelter (e.g., shading, ground reflections,
trees, efc.), and the BS shelter design (e.g., surface area, shape, paint, etc.). Additionally, Darwiche and
Shaik [155] also discussed the common types of cooling systems used in off-grid BSs, alongside their
advantages and disadvantages, as represented in Table 1.

The extreme high temperature application of power supply components (e.g., when deploying
PV-fuel cell or PV-wind-hydrogen systems at extreme hot conditions) can also aggravate the degradation
of the PEM fuel cell membrane and catalyst, therefore reducing the performance of the PEM fuel
cells [51,144,169]. Similarly, for batteries experiencing extreme hot conditions, issues such as
overheating (which can cause risks like explosions and fire due to thermal runaway), degradation, and
poor performance of the batteries, which arise from the sluggish kinetics of charge transfer, low
electrolyte conductivity, and the reduced solid-state of lithium diffusivity, are critical and need to be
addressed when designing appropriate power supply systems for off-grid BSs [59,63,170-173].
Commonly, the cooling of these power supply components is done using strategies such as cooling with
air, cooling with liquid, cooling with phase change, and edge cooling, and each of these cooling strategies
has its own advantages and disadvantages [144,169,174,175].
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Table 1. Cooling types for off-grid base station applications.

Cooling Types Advantages Disadvantages
Overheating
Exhaust fans Low cost ) . )
Potential outdoor contaminants risk
No moving parts Low efficiency
Vortex cooler Highly reliable Limited cooling capacity
Highly dependable on compressed air
) No moving parts Low efficiency
Peltier cooler . . .. . .
Highly reliable Limited cooling capacity
Natural convection . Large footprint
. No moving parts .
(passive cooled systems) High initial cost
Phase change materials No moving parts May not function properly if not correctly
(passive cooled systems) Small footprint packed

Higher cooling capacity
than any other system
Able to cool shelter to

human comfort level

Moving parts, specific maintenance is required

DC-powered air conditioners
Large footprint required for the solar panels

3.4.3. Heating

Energy efficiency measures to be considered for telecommunication BSs are different than those
usually taken into account in residential or commercial buildings. This is because the energy consumption
of the BS is very high due to its high inner heat density and special operating schedule [165]. For the heating
of the BS components, limited studies were found in regard to the heating systems. This is because
previous literature was more focused on the cooling of the BS components.

Nakao et al. [166] suggested a thermal control wall that uses a two-phase loop-type siphon system
embedded in the wall in order to help regulate the temperature of a BS shelter, especially when the
outdoor temperature is higher than the ambient temperature or during the winter period when the ambient
temperature is lower than the suggested temperature. When any of these conditions happen, the valve
that controls the refrigerant circulation in the thermo-siphon will shut off and the thermal control wall
will prevent heat from dissipating into the atmosphere, thus heating the BS shelter accordingly. Flores
and Han designed a conventional flat-plate heat exchanger [157]. However, due to its high failure rates
and high maintenance costs, other alternatives are used or proposed for the heating of the BSs.

Alternatively, the heat loss from BS electronic equipment can be the heat source for heating the BS
and its components. This is because the heat can be delivered through convection and radiation methods,
as discussed by Zhang et al. [165]. To calculate the convective heat loss, parameters such as airflow
rates, ambient room temperatures (inlet air temperatures), and outlet air temperatures are used in the
calculation, whereas the heat loss through radiation (which is usually negligible) can be calculated by
using the exterior surface temperature of the BS envelope [165]. Likewise, Karasseferian and
Desjardins [156] suggested that the heat recovery system be used to thermally manage the BS
components, while Pell et al. [158] proposed that the heating of the BS components was made possible
by the heat recovered from the power amplifiers.
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Dukhan et al. [160] suggested a few configurations on the heating of the battery and the cooling of
the BS electronic equipment using a vortex tube. The mechanism of such a system works by generating
high pressured cold air using a vortex tube which pushes the heat (dissipated by the BS electronic
equipment) away from the BS shelter to the battery chamber in order to warm up the batteries during
extreme cold operation. Additionally, the heat can be stored using phase change materials (PCMs) as
thermal storage for later use when heating of the battery is necessary.

For power supply components (e.g., PEM fuel cells) operating in extreme cold conditions, issues such
as cold start-up, water or ice formation, melting on the catalyst layer, and membrane dehydration are
among the challenges present when running the PEM fuel cells at such conditions [142,146,176,177].
Kagami et al. [178] found that a successful self-start without the presence of external heating could only
be achieved with the start-up temperature of —5 °C. However, for start-up temperatures lower than
—5 °C, external heating is needed to warm up the PEM fuel cell. Similarly, batteries operating at low
temperature conditions tend to experience reduced cell energy and power capability due to the significant
increase of internal resistance in the batteries [170]. As discussed by Pesaran et al. [179], the heat
generated in a battery consists of electrochemical reactions, phase changes, mixing effects, and Joule
heating, and the heat transfer of the battery can be represented by Equation (2) below:

dT; 4 4
mCy—= = Heatgen — hA(T; = To) — eSA(Ts* = T,*) = Qext_conauction )

dTs . : . . :
where mC, d—ts is the rate of temperature change, Heatgen is the rate of internal heat generation, 7 is

the battery temperature, 7. is the ambient temperature, ZA(Ts — 7Tu) is the convection heat rate,
edA(Ts* — T.*) is the radiation heat rate, and Qex: conduction is the conduction heat rate.

Additionally, warming up the batteries for an initial discharge due to low-temperature operation can
be done through strategies such as using battery power (i.e., self-internal, convective, and mutual pulse
heating), and thermal blankets or additional auxiliary heating (e.g., heat recovery of BS electronic
equipment or PEM fuel cells) [170,180].

3.5. Operation and Control Strategy

Effective operation and control strategies within the power supply system can be done by making
priority-based decisions in order to prioritize the order of energy generation resources [181]. Typically,
the aim of operation and control strategies of the power supply system is to fully utilize the free available
energy resources, then utilize the energy stored in the energy storage (i.e., batteries), and finally convert
the energy from another device (i.e., converting hydrogen to electricity via fuel cells) [181]. This is to
ensure that an effective management of energy flow can be achieved for a stable and a reliable power
supply system at the lowest cost possible [107,127]. Additionally, the complexity of the operational and
control strategies increases as the configuration of the power supply system enlarges [25]. In a paper
discussed by Bajpai and Dash [107], the key parameters involved in designing optimal operation and
control strategies are energy resources (e.g., renewable energy), economic factors (e.g., capital cost,
O&M cost, and lifetime period), and storage devices (e.g., state of charge (SOC), pressure level of
hydrogen tank, and days of autonomy).

For the application of power supply systems, the common control strategies used for this purpose are
component-level control strategies and system-level control strategies [103]. The component-level
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control strategies are commonly applied at the converter, where most of the generators (i.e., PVs, fuel
cells, batteries) are interconnected to the system, and the converter is responsible for establishing the
voltage and frequency references of the system alongside keeping it constant at all times [103]. For
system-level control strategies, factors such as load, estimation of energy generation, unit commitment,
economic dispatch, and security constraints are taken into consideration to ensure the power supply
system can operate at an efficient manner [103]. The system-level control strategies can be classified
into centralized control strategies and decentralized control strategies, and the centralized control
strategies allow communication between the control center and the local controllers. Information like
power output from the generators, voltage and frequency deviations, load demand estimations, and
charging status of the storage systems is shared between the local controllers as well as the control center.

For decentralized control strategies, a control center is not needed as intelligent decisions are made
based on the communication between components. According to Tan ef al. [103], there are two types of
strategy in the decentralized control which are droop control strategy and multi-agent control strategy.
The droop control strategy is the most commonly used strategy and the system frequency and voltage
magnitude are maintained according to reactive and active power deviation based on pre-specified
requirements in order to overcome some of the technical challenges, such as frequency and voltage
deviation, impact of line impedance, non-linear loads, and inertia coordination [103]. For the multi-agent
strategy, embedded local intelligence allows the evolution of the decentralized control strategy where
the system components communicate between one another through global coordination [182]. This
allows the power supply system to operate at any given conditions.

A wide range of literature can be found relating to the study and the application of the operation and
control strategies of power supply systems specifically for BS application. For instance,
Okundamiya et al. [127] proposed an optimum model of control strategies for a hybrid PV-wind system.
The key idea of the strategy was to ensure that the energy generation must be leveled between the energy
resource and the energy distribution in order to satisfy the load demand while maintaining the reliability
of the system operation [127,183]. As the control strategy for the system uses a GA-based technique, the
peak power trackers (PPTs) are responsible for keeping the PVs and wind turbine generators capable of
operating at their maximum operating levels. This resulted in an excellent energy improvement with an
excess energy capacity of only 6%—17% and a fairly reasonable cost of electricity value of the system at
$0.12/kWh, compared to the cost of electricity of the utility grid at $0.33/kWh and diesel generator
at $0.02/kWh [183].

Castafeda et al. [87] proposed three control strategies, which are modeled using Simulink Design
Optimization (SDO) of MATLAB, for managing the energy flow of a hybrid PV-hydrogen-battery
system. Control strategy 1 uses the simplest control scheme to maintain the battery’s SOC at an optimum
level and the charging and discharging of the battery are used as control variables of the system. Control
strategy 2 was designed to maintain an optimum level at the hydrogen tank and
the battery’s SOC; control strategy 3 is the most complex control scheme and it is based on
techno-economic operating modes (i.e., the cycling cost of energy in the battery, fuel cells, and
electrolyzer). As a result, Castanieda ef al. [87] found that control strategy 2 gives the highest efficiency
(at around 42%) for the whole system.

In a study by Li et al. [89], the control strategy for three different hybrid power supply systems (i.e.,
PV-fuel cells-battery, PV-battery, and PV-fuel cells systems) is simulated and analyzed through the
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energy balance of the systems throughout the year. The maximum system efficiency and the minimum
system costs are taken into consideration when simulating the strategy in order to satisfy the
techno-economic analysis of the system. The results showed that the PV-fuel-cell-battery system was
found to have higher system efficiency at the lowest cost compared to the other two configurations.

Caisheng and Nehrir [184] discussed in their literature that the operation and control strategy for
an AC-linked hybrid PV-wind-fuel cell system varies according to factors like seasonal scenarios (i.e.,
winter and summer). Based on the simulation model, a control strategy was designed to manage the
energy flow within the system and the simulation model was carried out using MATLAB/Simulink.
The fuel cell system acts as backup energy generation and the electrolyzer acts as a dump load based on
the excess energy available to produce hydrogen. The simulation results showed that effective operation
and control strategy of the hybrid power supply system managed to be achieved alongside
its feasible outputs.

4. Conclusions

In this paper, an up-to-date review of different power supply solutions for off-grid BSs was presented.
The key aspects in choosing and designing appropriate power supply solutions for the BSs were
discussed accordingly. These solutions include diesel generators, renewable energy systems (e.g., PV or
wind systems), hybrid power supply systems (i.e., PV-wind, PV-diesel, PV-wind-diesel, and PV-fuel
cell systems), and energy storage solutions that were specific to the electrochemical type of energy
storage classification such as batteries, hydrogen systems, and hybrid energy storage systems.

As the BSs were liable for their GHG emissions, their energy efficient goals could be achieved
through measures such as further reductions in BS energy consumption, which would possibly reduce
the O&M costs and improve the QoS of BSs' coverage and the amounts of emissions that were associated
with them. Additionally, it was discussed that by understanding the importance of the key design aspects
including the pre-feasibility study and the thermal management of BSs, which involves the heating and
cooling of the BS components, the energy consumption of the BSs can be further reduced. This possibly
helps increase the reliability of the BS, which is very critical as 99.99% reliability is expected for remote
telecommunication applications.

In this review paper, the sizing and the optimization of the power supply systems were also discussed
as both elements highlight the importance of confirming the feasibility, reliability, and emission-free
power supply systems for off-grid BSs. Hence, various sizing and optimization methods were also
reviewed accordingly in order to cover the common methods that have been or could be applied for these
purposes. Another important element was the operational and control strategy, through which managing
the energy flow in the power supply system can be optimized, leading to further reductions in total capital
and O&M costs. Accordingly, through an ideal operational and control strategy, the efficiency of the
power supply system could be increased. This would validate the concepts of using both “green” and
energy efficient BSs.

Other promising energy efficiency technologies and approaches that were highlighted in this paper
are summarized in Table 2. The key areas of such promising technologies/approaches are comprised of
power supply technologies, energy storage technologies, high efficient devices/equipment, and energy
management and thermal management approaches.
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Table 2. Summary of promising technologies/approaches for energy efficient base stations.

Key Areas Technologies/Approaches Advantages Disadvantages Literature Reviews
. Lightweight
. Limited application (e.g., for low powered
New generation small wind turbines . Highly efficient [27,29,30]
BSs)
. Able to supply power at much lower wind speeds
Power supply technologies
. High efficiency . Expensive
Hybrid PV-fuel cell system . High modularity . Slow dynamic in fuel cell system [33,49,185]
. High fuel flexibility
. Small footprint . High cost
. Unfavorable effect of deep discharging to the
. Low weight
New generation Li-ion battery battery’s lifetime [55,58,170,186]
. High density
. Storage efficiency close to 100%
. Able to store and generate electricity
Energy storage technologies simultaneously
Hydrogen-based energy storage system
. Emission free (when using hydrogen as fuel) . High capital cost [86]
(i.e., fuel cell-electrolyzer)
. Can be used for various type of applications
. Cost of energy storage is cheaper than battery
. Suitable for long-term and short-term storage
Hybrid energy storage system
. High reliability . High capital cost [39,41,86]
(e.g., PV-hydrogen-battery system)
. Low O&M costs
. Low cost
. High power density . Faulty at the open-circuit switch can reduce
Multi-input power converters [38]
. Helps to reduce number of components in the availability of power supply system.
High efficient devices/equipment power supply systems
. Helps to improve QoS of BSs
. Wide coverage radius leads to low efficiency
Cognitive radio technology . Small coverage radius leads to improvement in [15,16,97]

) of spectrum reuse
spectrum efficiency
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Key Areas Technologies/Approaches

Advantages

Disadvantages Literature Reviews

Device-to-device (D2D) communication

Energy management

Helps to reduce energy consumption of BS
Increase throughput and spectrum efficiency

Increase energy efficiency of BSs

Causes interference with the cellular network
[96,187]
due to spectrum sharing

Sleep mode or deep-idle mode

Effectively reduce energy consumption of BSs

Practical for dense BSs deployments

Risk of reducing the QoS [92,93,188,189]

Free cooling using phase change . Low to zero energy usage May not function properly if not
[155,190,191]
materials (PCMs) and heat pipes . Low O&M costs correctly installed
. Low to zero energy usage

Thermal management

Heat recovery using thermo-syphon

Can be used for thermally managed BS

shelter/cabinets, BS equipment and power supply

components

. Low O&M costs

Extremely challenging to capture the heat in
[163,192-195]
real life applications
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