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ABSTRACT

This paper proposes an algorithm for the identification of the minimum cost solution over a 10 year time
horizon to power an LTE (Long-Term Evolution) macro base station, using a photovoltaic solar panel, a
set of batteries, and optionally also a secondary power source, which can be a connection to a (possibly
unreliable) power grid, or a small Diesel generator. The optimization is formalised as an Mixed Integer
Programming (MIP) problem, which, after linearization, can be solved with CPLEX. A heuristic algorithm
is also proposed, with the objective of decreasing the computational complexity of the optimization. Nu-
merical results show that a hybrid solar-grid (or solar-diesel) power system saves a significant fraction
of the total cost, compared to a pure solar system, and to the traditional power-grid system, over the
investigated 10-year period, in a south European city, like Torino in Italy, as well as in a location close to
the tropic, like Aswan in Egypt. Our proposed heuristic algorithm can be used to obtain a solution within

10-20% of the optimum, at a computational speed 200 times faster than the MIP solution.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Energy-efficient (or green) networking has been a hot re-
search topic in the last decade. Several large international research
projects have been launched in this field, like EARTH [1], TREND
[2], and ECONET [3], funded by the European Commission under
its 7th Framework Programme, and GreenTouch [4], the largest
industry-driven initiative so far. In addition, many smaller initia-
tives, and curiosity-driven research, have contributed to the gen-
eration of a wide body of results in this area. Research has con-
cerned all fields of networking, from access to core, from wired
to wireless, but has surely focused mostly on cellular radio access
networks, due to the increased relevance of wireless access, and
to the recent introduction of the LTE technology, aiming at pro-
viding high bandwidth ubiquitous Internet access to an ever grow-
ing number of smart user terminals. Research has considered many
different aspects, from more energy-efficient components and sys-
tems, to less energy-hungry application protocols, to greener net-
work management procedures, and architectural variations [5-8].

However, in spite of all the attention given to energy consump-
tion in networks, recent data indicate that the amount of energy
used by networks keeps increasing. Probably, energy consumption
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goes up at a lower rate than it would have, without all the recent
research in the field, but up it goes. The main reasons for this con-
tinuing growth in the case of cellular networks are (among others)
that: i) the deployment of the new and more energy-parsimonious
Base Station (BS) models is slower than expected, due to lagging
operator investments because of the economic slowdown; ii) the
new energy-aware network management procedures, mostly based
on the switch-off of parts of the equipment in periods of low traf-
fic, are not being adopted by operators, who fear that coverage
holes may be generated, that QoS may be degraded, and that faults
may occur at switch-on; and iii) more and more BSs are necessary
to satisfy the exploding volume of traffic requests.

It thus becomes interesting to tackle the issue of energy con-
sumption in communication networks from a different perspective,
focusing on the type of energy which is consumed, since, if we can
make networks green by consuming energy produced by renew-
able sources, the amount of consumed energy becomes less crit-
ical. Actually, the combination of renewable energy sources with
energy-efficient equipment, protocols, and algorithms is extremely
important, since only through an optimised system integration the
use of renewable energy sources becomes viable.

In this paper we study the use of solar energy to power an
energy-efficient LTE macro base station. By coupling a photovoltaic
(PV) solar panel with batteries that can store the energy produced
in high solar radiation periods, to be used during nights, as well as
cloudy days, solar panels can power base stations at very limited
cost, and thus provide an interesting option for both areas where
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the power grid is not present or not reliable, and areas where the
power grid is ubiquitous, but energy costs are high, and regulations
may make it inconvenient to connect a BS to the power grid.

Today, especially in remote locations, a number of BSs already
operate with no connection to the power grid. The most com-
mon solution to power off-grid base stations consists in installing
a Diesel power generator, which requires large amounts of fuel,
which is expensive in itself, but becomes extraordinarily costly
when transport is problematic (helicopters are necessary when lo-
cations are really remote), and when fuel thefts occur.

In the recent literature, PV panels have been proved to be much
more cost-effective than diesel generators (in some areas, differ-
ences in cost are as high as an order of magnitude [5]). Some Mo-
bile Network Operators (MNOs), Orange for example, have already
deployed over 2000 solar-powered BSs serving more than 3 mil-
lion people in Africa, with a saving of 25 million liters of fuel and
67 million kg of CO, in 2011 [9]. These experiences, coupled with
increasing energy costs, are making solar energy an interesting op-
tion also for countries where the access to the power grid is typi-
cally ubiquitous and reliable.

We investigate the cost of different solutions to power a LTE
macro BS: i) the case of access to the power grid, ii) the case of
a Diesel generator, and iii) the case of a PV panel with batteries.
In addition, we also explore hybrid solutions, which consist in: iv)
the use of a PV panel with batteries, coupled with a grid access, or
a small Diesel generator.

In particular, in this paper, refining our previous works [10,11],
we focus on the optimization of the total cost (including CapEx
and OpEx) of the solar energy system that is installed to power
a macro LTE base station. We consider a 10-year life span of the
equipment, and over such period we account for expected changes
in conditions, including the strong growth of the end user traffic
demand, as well as the increase of the grid electricity price; in ad-
dition, we also consider the evolution of battery technology, and
the reduction of the solar panel efficiency from year to year. Two
are the reasons why we select a 10-year horizon. The first reason
is that PV panels are designed to last at least 10 years. Therefore,
during the 10-year horizon, there is no need to change PV panels,
which would imply a complete replacement of the PV system. The
second reason is that, up to now, new generations of mobile radio
access technologies had an opportunity window of about 10 years
before the deployment of a newer technology, as can be seen by
looking at the cases of GSM and 3G. The currently deployed LTE
BSs will probably be replaced by 5G technology in about the same
time frame. Finally, predicting the energy consumption of 5G BSs
beyond year 2025 is not within the scope of this paper.

We study the system through a Mixed Integer Programming
(MIP) approach, aiming at cost minimization over the 10-year pe-
riod, and we design a heuristic algorithm that allows compu-
tational complexity to be drastically reduced. Numerical results
prove that minimum cost solar energy systems are a viable choice
to power a LTE macro BS, and that hybrid energy systems (so-
lar+grid or solar+diesel) can be the most effective choice.

This paper is organized as follows. Section 2 briefly overviews
previous work in the field. Section 3 describes the architecture of
our proposed hybrid BS power system. Section 4 formulates the
problem of optimizing the total cost of the hybrid BS power sys-
tem. Section 5 proposes a heuristic algorithm to solve the problem
and reduce computation complexity. Section 6 shows simulation
results, and Section 7 concludes the paper.

2. Related work

Research on the use of renewable energy sources (RES) to
power BSs of radio access networks started only a few years ago.

The authors of [12] provide quite a comprehensive survey of the
state of the art in this field.

Several works focused on the allocation of resources in a por-
tion of a network comprising a few BSs, some of which are pow-
ered by RES. For example, the authors of [13] propose optimal BS
switch-on/off strategies to save energy within a radio access net-
work, when some of the BSs are powered by RES. In [14], the au-
thors propose an optimized method for RES utilization in a radio
access network, based on a 2-BS model, considering hybrid pow-
ering systems comprising RES and access to the power grid. The
same authors also investigate a green-energy-aware and latency-
aware user association problem in [15]. However, these works do
not consider in detail how energy is captured from RES, stored and
consumed, and how RES can be combined with power grid use.
Furthermore, these works do not account for the solar radiation
variation during different portions of a day, and different season of
a year, and thus with the corresponding variation in energy pro-
duction.

If we look into the details of a hybrid energy system (RES and
power grid), although several works were published in the area
of energy engineering (e.g., [16,17]), only few papers appeared in
the context of telecommunications with the aim to optimize the
BS power system, including the variation of energy consumed for
variable traffic load. A recent work proposes a hybrid diesel-solar
energy system to power a BS [18], but does not try to optimize
CapEx and OpEx. The authors of [19] propose the optimization of
the cost of a PV-wind hybrid system to power a GSM/CDMA BS,
accounting for wind and solar energy variations during the year,
but do not consider the traffic variation during the day. In [20] the
authors propose a service-adaptive method (i.e., the adaptation of
capacity and coverage) for managing the PV and grid power re-
sources to power a BS, and propose an implementation; however,
they do not investigate the system CapEx and OpEx.

The novelties of our work with respect to previous papers are:
i) we focus on the global optimization of both CapEx and OpEx
for a hybrid LTE BS power system (with PV and power grid); ii)
we consider the variation of solar radiation in different times of
the day, different seasons of the year, and different locations of the
world; iii) we assume an evolutionary perspective for both the sys-
tem efficiency and the BS traffic load, over the 10-year period; iv)
we optimize the total cost over the 10-year time span before the
introduction of a newer radio access network technology.

3. The BS power system

This section introduces the elements of the solar power system,
as well as the overall BS power system architecture, and discusses
the parameters that are used in our study.

3.1. Photovoltaic panels

Photovoltaic (PV) or solar panels are used to convert solar radi-
ation into electricity. The PV panel instantaneous output power de-
pends on the level of solar radiation, on the conversion efficiency,
and on the power loss factor, that accounts for system losses dur-
ing the power transformation. In this paper we assume a conver-
sion efficiency equal to 16%, which is today common for standard
PV panels.

The peak output power of a PV panel, usually measured in
“kilowatt-peak” (kWp), is directly proportional to the panel size.
A 1 kWp PV panel is defined as a PV module. The instanta-
neous output power of a 1 kWp PV module is directly related to
the corresponding solar radiation, and can be expressed as P =
ﬁ An(G,Ty), where A is the module area in m?, G is the so-
lar radiation in W/m2, and n(G, Ty,) is the module efficiency, which
depends on radiation and temperature [10]. Therefore, the trend of
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the variation of the instantaneous power production of a PV panel
is the same as the trend of the variation of the instant solar radi-
ation (although the relation is non-linear). The amount of energy
produced by a PV panel also depends on the location, which de-
termines the amount of solar radiation, due to latitude, tilt, and
weather conditions. The National Renewable Energy Laboratory of
the United States has made available online a software named
“PVWatts” [21], which allows the estimation of the different en-
ergy production patterns of PV panels located in different positions
of the earth. We use the software “PVWatts” to obtain the amount
of energy produced during a typical meteorologic year, and select
two locations as examples: Torino in Italy and Aswan in Egypt. The
climate and solar radiation patterns in these two cities are quite
different. Torino has a typical cycle of four different seasons; in
winter it is rainy and cold, while during the summer it is hot and
sunny. Aswan locates near the Tropic of Cancer; it is usually hot
and dry during the whole year, with limited seasonal variations.
Our solar power system is tested in these two cities to analyse the
most suitable conditions of the different power options.

3.2. Batteries

Batteries are used to store the energy which is not immedi-
ately used to run the BS, but becomes necessary at night or dur-
ing the days when solar radiation is too low (i.e., rainy days or
cloudy days, or days of short solar radiation in winter) to obtain
enough electricity to power the BS. In our optimization of the BS
power system, we simulate the battery charge and discharge to
compute how many batteries are needed to avoid energy short-
age at the BS. We consider a power loss factor equal to 85%, which
means that 15% of the power is lost during the transition of charg-
ing/discharging batteries. Usually, the battery charge level (i.e., the
percentage of energy inside the batteries with respect to the max-
imum) needs to stay above 30% to keep the batteries in a healthy
condition for the lead-acid batteries we use in this paper.

We define a parameter named PT, as the percentage of time dur-
ing the whole year when the batteries charge level is above 30%.
For pure solar BS power systems, we need PT = 100%. For hybrid
solar-grid or solar-diesel systems, we can consider lower values of
PT, since we assume that the BS can obtain energy from either
the power grid or a small Diesel generator when the batteries are
empty (i.e., their charge level reaches 0%). In this paper, we inves-
tigate three hybrid scenarios, with PT equal to 70%, 80%, and 90%.

An additional issue to be considered in the study of the BS
power system over a 10-year period is the battery life. We as-
sume that the system uses traditional lead-acid batteries, whose
life is around 500 cycles [22]. This means that a battery must be
replaced when the cumulative depth of discharge of the battery
reaches 500 times its capacity. We account for the improvement of
battery technology during the 10-year period. The lifetime of bat-
teries improves when new batteries come to the market. According
to [23], battery life is predicted to improve from 500 cycles at this
moment to 3000 cycles in 2030.

3.3. The architecture of the BS power system

Fig. 1 shows the high-level architecture of the BS power sys-
tem. A controller manages the energy flow from the three power
sources (i.e., PV panel, batteries, and possibly grid/diesel as an ad-
ditional power source) to the two power consumers (i.e., BS and
batteries). The algorithm running on the controller dynamically
switches the energy intake from the PV panel to the batteries
to the additional power source, if present. Whenever the power
generated by the PV panel is more than what needed to oper-
ate the BS, the extra power is sent to the battery. When the PV
panel produces less power than needed by the BS, some energy

is taken from batteries. If batteries are depleted, and the power
generated by the PV panel is not sufficient to operate the BS, the
additional power source is used, if present; otherwise, the BS must
be switched off. In addition, if the BS power system is connected
to the power grid, it may be possible to sell back the extra en-
ergy which is generated by the PV panel when the batteries are
full (100% charge).

3.4. Power model of the LTE base station

The power consumption of the LTE macro BS can be approxi-
mated as a function of the output power of the power amplifier
within the Radio Frequency (RF) module, [1]:

P(p):NTX(P0+Ameaxp) O<p=1, (1)

where Ny is the number of antennas, Ppax is the maximum power
out of the RF power amplifier, Py is the power consumed when the
RF output is null, Ap is the slope of the emission-dependent con-
sumption. The power out of the RF power amplifier is proportional
to the traffic load of the BS.

To reduce the power consumption of LTE base stations, one
effective technological choice consists in the adoption of Remote
Radio Units (RRU), i.e., in the placement of radio units close to
antennas, so as to reduce the power losses inherent in long an-
tenna feed cables. In this paper, we use the power model of a
LTE macro base station with RRU, as reference to conduct our
study.

3.5. Traffic profile of the mobile users

A detailed daily profile of the traffic generated by mobile users
is necessary to compute, together with the BS power model, the
daily energy consumption of the BS. This quantity and the PV
power generation during the day allow us to obtain the amount
of energy which can be stored in the batteries, or needs to be
drained from batteries (depending if the balance between the PV
panel generation and the BS consumption is positive or negative).
Fig. 2 shows the normalized traffic profile measured on a cell of an
Italian mobile network operator, distinguishing between weekends
and weekdays. The profile refers to a residential area, with peaks
during the evening.

3.6. Evolution of the parameters over 10 years

In this paper, we focus on the computation of the cost of the
BS power system, including CapEx and OpEx for a period of 10
years; during such a long time span, many of the key system pa-
rameters are bound to change, some by a significant amount. It is
thus necessary to account for these variations in the cost computa-
tion, in order to achieve a careful assessment of the relative mer-
its of the possible alternative solutions. The price of solar panels
and batteries can be estimated from a recent report by NREL [24],
concluding that the price of a lead-acid battery (12 V, 200 Ah) is
approximately 150 €, and the price of 1 kWp PV panel is around
800 €. We collected data from reports and forecasts about the
current levels and the predicted future evolution of PV and bat-
tery prices, traffic profiles, electricity prices, diesel fuel prices, bat-
tery technologies and PV panel efficiency, etc., in both Aswan and
Torino. Table 1 shows the foreseen evolution of the BS power sys-
tem parameters. We assume that the traffic load will follow a 50%
CAGR from 2% in the first year to 76.8% in the 10th year [25]; the
PV efficiency is known to degrade 1% each year [26]; the elec-
tricity and diesel prices are forecasted to increase 3% per year in
Torino [27] and 20% per year in Aswan [28]. The gap between the
actual and the predicted electricity and diesel prices between the
two cities comes from the fact that Egypt has rich oil storage and
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Fig. 1. Architecture of the BS power system.
Table 1

Prediction of the values of the parameters of the BS power system in the 10-year period.

Year  Peak traffic load PV efficiency reduction  Electricity price [€ [kWh]  Diesel price [€ /liter]
Torino  Aswan Torino  Aswan
1 0.020 1 0.217 0.070 1.600 0.490
2 0.030 0.99 0.223 0.084 1.648 0.588
3 0.045 0.98 0.230 0.098 1.696 0.686
4 0.067 0.97 0.236 0.112 1.744 0.784
5 0.101 0.96 0.243 0.126 1.792 0.882
6 0.151 0.95 0.249 0.140 1.840 0.980
7 0.227 0.94 0.256 0.154 1.888 1.078
8 0.341 0.93 0.262 0.168 1.936 1.176
9 0.512 0.92 0.269 0.182 1.984 1.274
10 0.768 0.91 0.275 0.196 2.032 1.372
1 T T 4. Mathematical formulation
— Weekdays ’:'-‘ 4.1. Optimization of the yearly cost
0.8
- - -Weekends e
1

Normalized traffic load

! !

16 20
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Fig. 2. Traffic profiles measured on an operational cellular network.

exploitation, while Italy imports from other countries most of its
oil and electricity. However, because of the economic globaliza-
tion, the gap is forecasted to become smaller and smaller in the
next years, therefore the prices in Aswan follow a higher increase
rate.

For starters, we formulate the cost minimization problem over
one year (the system parameters are kept constant in this inter-
val), and then we extend our optimization to the 10-year period,
accounting for the evolution of the system parameters.

The time granularity is defined by the parameter A, which is
used to calculate energy production and consumption. Since the
traffic and the energy production profiles that we use contain data
for every half hour, the finest time granularity that we can use is
A =30 min. With this choice, the number of intervals in one year,
that is denoted by T, becomes T = 17, 520. If we reduce the time
granularity to A =120 min, we get T = 4380. For each interval A
we define appropriate variables in the mathematical formulation.

The following is the definition of the problem.

Parameters:

+ S;: Energy production of 1 kWp solar panel in the ith interval, i
€ [1, T]; S; is measured in Wh.

- E;: Energy consumed by the BS in the ith interval, i € [1, T]; E;
is measured in Wh.

« B: Capacity of energy storage for one battery; B is measured in
Wh.

« Cpy: Cost of 1 kWp PV solar panel; Cp, is measured in
Euro/kWp.

* Cpare: Cost of one battery; Cpy; is measured in Euros.
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Cgrig: Cost of 1 Wh of electricity obtained from the power grid.
Alternatively, we can use Cgjese: Cost of 1 Wh of electricity ob-
tained from a Diesel generator. Cgig and Cgiese are measured in
Euro/Wh.

Variables:

X;: Charge of batteries normalized to the capacity B, x; € [0, 1],
iell, T]

y;: Variable used to define the battery charge and possible en-
ergy deficit after the generation and consumption in time slot
i, i e[1, T]. y; is measured in Wh.

n: Number of batteries, n > 0.

p: Size of the solar panel; p is measured in KWp.

a;: Variable that indicates if the battery charge is above 0.3;
needed to define the constraint on PT for hybrid systems.

b;: Amount of energy taken from the grid or the Diesel genera-
tor in the ith interval, i € [1, T]; b; is measured in Wh.

Objective function:

minimize : (2)
T
Crotal = Cpv X P+ Cpare x N+ Cgrid/diesel X Z b; (3)
i=1
Constraints:
yi=min{B xn x x;_; + p x S; — E;, Bx n} (4)
B x n x x; = max{y;, 0} (5)
b; = max{-y;, 0} (6)
x;1 =1 (7)
0<x<1,ie[2,T] (8)
_ 0 if Xi < 0.3
%= {1 if x; > 0.3 ©)
T
> a/T =PT (10)

i=1
Constraint (4) imposes that each battery cannot be charged
above its capacity B; (5), instead, defines the actual battery charge.
In the case of a pure solar BS power system (i.e.,, no connection
to the grid, and no Diesel generator), PT = 100%, and constraint
(10) imposes that all variables g; are equal to 0, i.e., x; > 0.3. This
means also that y; is never below 0, and b; is always 0. Indeed, in
the pure PV case, no energy is bought from the grid or supplied
by the diesel generator; the battery charge is never below 30%. In-
stead, in the case of a hybrid BS power system, some variables g;
can go to 0, meaning battery charge below 30%, and in some cases
the variables y; become negative, meaning that the batteries are
depleted (x; =0) and some energy corresponding to b; is purchased
from the grid.

4.2. Analysis of computational complexity and linearisation

The complexity of solving this MIP problem is very high, be-
cause of the large number of variables and constraints, especially
when a fine granularity (small values of A) is chosen.

The formulation above contains two kinds of non-linearities.
One stems from the min and max functions that appear in the
equations. For instance, constraint (4) includes a min function that
defines a limit for the battery charge. CPLEX can deal with this
kind of nonlinearities, as long as the solution set is convex. The

other non-linearity derives from the product of two variables. In
our case, the term n x x; in constraint (4) is the product of two of
the problem variables. CPLEX cannot handle this kind of non-linear
constraints. It is thus necessary to introduce a linearization, or to
use a fixed point approach. We decided to use the latter option,
fixing the value of n and solving the MIP problem for the chosen
value, and then changing the value of n and again solving the MIP
problem. We let the value of n vary in the range [0, 50], and we
select the value of n that provides the best result (i.e., the lowest
total cost) as the final optimal solution.

For a PC with Intel i5 dual-core CPU and 4 GB of main memory,
the process of finding the solution in the case A =30 min takes
2-3 h. In the case A =120 min, the computation time reduces to
around 10-15 min. Obviously, this implies some sacrifice in the ac-
curacy of the final results. To investigate the sensitivity of the op-
timization solution to the chosen time granularity, in Table 2 we
show an example of the results obtained with the two values of
time granularity in the case of Torino, under full traffic load, and
pure solar system. The results show that the sacrifice in accuracy
is only around 1%, which seems acceptable. Other cases, with dif-
ferent choices of the load, presented similar accuracy. In the next
sections, we will report the results of CPLEX for a time granularity
equal to A =120 min.

4.3. Dimensioning over a 10-year period

In the previous section, we have discussed the minimization
problem over a one-year period. When looking at the 10-year pe-
riod, the system parameters must be modified year by year, ac-
cording to the evolution of the parameters that was described in
Section 3 and reported in Table 1. To optimally dimension the sys-
tem for a 10-year period of operation, we proceed as follows. We
repeat the system dimensioning process up to 10 times, using the
parameters referring to each year, from the 10-th, down to the 1-st.
Once the dimensioning is obtained for a set of parameters’ values
corresponding to a given year, the system evolution is simulated
for the 10-year period. During this simulation, it may happen that
the dimensioning obtained for a given year is not sufficient for an-
other year (for example, because of the violation of the constraint
on PT). This typically happens when the parameters refer to one
of the first years of the 10-year period, where traffic is low and
the PV panel is at the peak of its efficiency, so that the system
dimensioning is not sufficient for a later year with higher traffic
and lower PV panel efficiency. This is why we start with year 10,
and we go down until we find a year for which the dimensioning
is insufficient. When this happens, the dimensioning for such year
(say year k), as well as for all other previous years (all years i < k)
can be considered inapplicable. During this simulation, the possible
cost of battery replacements, due to batteries reaching the max-
imum number of charge and discharge cycles, is also taken into
account. Finally, the best dimensioning is decided as the applica-
ble one with the minimum total cost, taking into account initial
investment, battery replacements, and energy purchase (if any).

For the case of Torino, whose detailed results will be discussed
in Section 6, we found that the system dimensioning is possible
only when the one-year optimization is performed using the pa-
rameters of the 9th or 10th year. In order to better explain why,
consider an example. Assume that the system dimension is opti-
mized using the parameters for the first year. When a 10-year long
period is simulated, as time goes by, the PV panel efficiency de-
grades and the traffic load increases to such an extent that the
requested constraint on PT cannot be met in the years following
the first. For this reason, more conservative assumptions on the pa-
rameters (such as values corresponding to the 9th or 10th year) are
needed to guarantee that the constraint on PT is met for the whole
period. When considering the total cost, the dimensioning for the
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Table 2

Impact of time granularity A, case of Torino.
Time granularity A[hour] PV size [kWp]  No. batt. ~ PV+batt. cost [k€ ]  Total cost [k€ |  Gap [%]
0.5 4.5 15 5.807 8.115 1.34%
2 4.8 14 5.853 8.007 0

9th year results more convenient than the dimensioning based on
10th year parameters. The best dimensioning is thus the one ob-
tained by running the one-year optimization with the parameters
of the 9th year.

In the case of Aswan, the second location we consider in this
paper, the optimization with the parameters of the 10th year is
the only one that guarantees that the constraint on PT is met for
the whole 10 year period.

5. A heuristic algorithm

Although the reduction of the time granularity in the MIP
makes the computation time for one instance of the one year opti-
mization as low as about a quarter of an hour, the total computa-
tion time necessary to obtain solutions using CPLEX remains very
long. Indeed, each problem instance has to be solved 50 times for
each of the admissible values of the number of batteries, due to
the non-linear constraints resulting from the products of two vari-
ables, as we mentioned in the previous section. Therefore, the total
computation time to obtain the global optimum is of the order of
several hours. While this can be acceptable for the final tuning of
the selected option, it is clearly too long for the what-if analysis
that is necessary to explore possible variable settings in terms of
RAN technology, network deployment, BS layout (e.g., small cells),
resource allocation algorithms (e.g., sleep modes), service offering,
etc. With the objective of a consistent reduction of the computa-
tion time, we propose a heuristic algorithm for the approximate
solution of the optimization problem.

5.1. Pseudocode

The pseudo code of the heuristic algorithm is reported in
Algorithm 1.

The heuristic can handle both the pure solar and the hybrid
solar-grid (or solar-diesel) BS power systems. The algorithm in-
cludes 3 layers of nested loops. The most external loop spans the
size of the PV panel, starting from O up to the maximum consid-
ered PV panel size in kWp. The most internal loop spans the con-
sidered number of time slots in the year. The third loop spans the
number of batteries, starting from 0 up to the maximum consid-
ered number. During the loop execution, if the battery charge does
not meet the PT constraint, the program jumps out of the most
inner loop and one more battery is considered. The middle and
most external loops stop when the minimum number of batteries
is found. Thus, for the different admissible values of PV size, the
minimum required number of batteries is calculated. Finally, the
best PV panel size is selected, according to the lowest value of to-
tal cost.

5.2. Computational complexity

The proposed heuristic has much lower complexity as com-
pared with the MIP solution through CPLEX. In the worst case, the
heuristic algorithm examines each value of the 3 loop layers, so
that the total number of examined cases is equal to the product
of three integer values: the maximum PV panel size in kWp multi-
plied by the maximum number of batteries, and by the number of
time intervals in a year. In practice, this amounts, in the worst case
and for the finer considered time granularity, to 20 x 50 x 17, 520,

Table 3

Dimension of PV panel and batteries from 1st year to 10th year, case
of Torino with PT = 100% and PT = 90%, one-year optimization done
with CPLEX for parameters of the 9th year.

Year  PT =100% PT =90%
PV size [kWp]  No. batt. PV size. [kWp]  No. batt.
1 12.8 36 7.6 10
2 12.8 36 7.6 10
3 12.8 38 7.6 11
4 12.8 41 7.6 12
5 12.8 41 7.6 12
6 12.8 42 7.6 12
7 12.8 43 7.6 12
8 12.8 44 7.6 12
9 12.8 45 7.6 13
10 12.8 47 7.6 15
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: ]
16 . 55
. —aA— PV size - CPLEX
144 —e— PV size - Algorithm | 50
1 A a4 N S 2
12 =
= | 145 @
S 10 1%
= 1 140 -2
& 8 |'®
n E - 435 @
> 6 Number of batteries - CPLEX | -g
o E —m— Number of Batteries - Algorithm S
=430
44 ] P4
i ]
— 425
2'_ - g——a—E—
0 T T T T T T T T T T 20
1 2 3 4 5 6 7 8 9 10

Year

Fig. 3. Comparison of PV size and number of batteries between the solution ob-
tained with CPLEX and the heuristic algorithm; PT =100%, case of Torino.

which is about 17 million. The search for the global optimum with
this heuristic approach requires about 1 minute.

5.3. Gap between CPLEX and algorithm

We now assess the accuracy of the heuristic algorithm by com-
paring the results with those we obtain through the MIP formula-
tion.

Table 3 shows the evolution of the system size over the 10-year
period for the case of Torino and PT = 100% or PT = 90%; the re-
sults are obtained using CPLEX to solve the MIP formulation. The
one-year optimization is performed, as previously explained, us-
ing the 9th year parameters. The panel size is constant over the
10-year period because panels are not changed, once they are in-
stalled. The number of batteries, instead, increases year by year to
sustain the increased need for energy due to growing load. In the
case of PT = 100%, the system needs larger panel size and more
batteries, due to the tighter constraint.

To show the difference between the solution obtained through
the MIP formulation and the heuristic approach, Fig. 3 reports the
chosen PV size and number of batteries in the 10-year period, for
PT = 100%. The results for CPLEX have smaller size of PV panel
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Algorithm 1 Pseudocode of the heuristic algorithm: Find the com-

bination of PV size and number of batteries that minimizes the to-

tal cost of the BS power system.
1: %%%%% Start initialization

: PT =70% or 80% or 90% or 100%;

. length = 17520;

: Battery_capacity = 2.4(kWh);

: Max_PV = 20(kW p);

: Max_battery = 50;

. Array Unit_production[length] are pre-calculated;

. Array Consumption|length] are pre-calculated;

: Sum_PT[p] =0;

: Grid_energy = 0;

. %%%%% End initialization

: %%%%% Main loop: Try different values of PV size, for each PV
size find minimum no. of batteries

13: for p=0; p < Max_PV % 10; p + + do

PV _size[p] = p*0.1;

15:  Number_of_batteries[p] = 1;

16:  while Number_of_batteries|p] < Max_battery do

O 0 g O U A W N

—_ e
N = O

_
»

17: Battery_status[p][0] = Number_of_batteries| p] =
Battery_capacity;

18: for i =0;i < length;i+ + do

19: if Battery_status|p][i]/Battery_status[p][0] < 0.3 then

20: PT_flag[p][i] = 1;

21: else

22: PT_flag[p][i] = O;

23: end if

24: Sum_PT[p] = sum_PT[p] + PT_flag| p][il];

25: if Sum_PT >= (1 — PT) = length then

26: Flag_feasible = 0;

27: else

28: Battery_status|p][i+1]=MIN{(Battery_status|p][i]+

PV _size[ p] = Unit_production[i]—Consumption[i]),
Battery_status[p][0]};

29: Flag_feasible = 1;

30: end if

31: if Battery_status[p][i] < O then

32: Grid_energy|p] = Grid_energy|p] — Battery_status| p][i];
33: end if

34: end for

35: if Flag_feasible == 0 then

36: Number_of_batteries| p] = Number_of_batteries|p] + 1;
37: else

38: Break;

39: end if

40: end while
41:  cost[p] = Cost_PV % PV_size| p] + Cost_battery *
Number_of _batteries[p]| + Cost_grid_energy = Grid_energy|p];

42: end for

43: %%%%% End main loop

44: %%%%% Among the found solutions look for the minimum cost
one

45: for m = 0; m < Max_PV x 10; m + + do

46:  Find the smallest cost|m];

47: end for

48: return cost[m], Grid_energy|m], PV _size[m]| and Number_of_
batteries|m];

(y-axis on the left), but larger number of batteries (y-axis on the
right). Similar results for the case of PT =90% are shown in Fig. 4.
Although the dimension for PT =90% is much smaller than the di-
mension for PT =100%, the comparison of CPLEX and algorithm is
the same: CPLEX results require smaller PV size but larger number
of batteries.
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Fig. 4. Comparison of PV size and number of batteries between the solution ob-
tained with CPLEX and the heuristic algorithm; PT =90%, case of Torino.
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Fig. 5. Comparison between CPLEX and the heuristic algorithm in the case of Torino
with no energy sell-back.

We now consider the difference between the solutions in terms
of the total cost of the system. The total cost is computed as the
sum of the initial investment, including the cost of the PV panel
and batteries, and the additional cost that occurs during the 10-
year period to increase the number of batteries, if needed, and to
replace the batteries once they are exhausted. In order to compute
when the batteries are exhausted, the battery charge status is sim-
ulated over the whole period. A detailed discussion of this will be
provided in Section 6. Moreover, when PT < 100%, some cost due
to energy purchase from the power grid is also taken into account.

Fig. 5 shows the comparison between the total cost for the so-
lutions obtained with CPLEX and the heuristic algorithm. The gap
for PT = 90% is within 10%, while the gap for PT = 100% is within
about 20%. Larger gaps appear from the moment in which the bat-
teries are being replaced, e.g., from the 8th year for PT = 100%,
and the 3rd year for PT = 90%. For the solution obtained from the
heuristics, the number of battery replacements is higher than for
the CPLEX solution. This is because the heuristics returns a larger
PV panel size and lower number of batteries, which means more
battery cycles and more frequent battery replacements. Note that
sometimes the results of the heuristics are more convenient than
those of CPLEX. This is due to two reasons: 1) the CPLEX results
are calculated by relaxed granularity, i.e. 2 h, which reduces the
accuracy of the optimum solution; 2) the optimization is only done
for one year and not over the whole 10-year period, because, as al-
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Fig. 6. Comparison between CPLEX and the heuristic algorithm in the case of Torino
with energy sell-back.
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Fig. 7. Comparison between CPLEX and the heuristic algorithm in the case of
Aswan, no energy sell-back.

ready discussed, the parameter evolution and battery replacements
make the formulation non-linear and infeasible. Hence, the CPLEX
results are not always the true optimum over the whole 10-year
period.

Fig. 6 shows the comparison between the results of CPLEX and
the results of heuristics, with energy sell-back (PT = 100% and
90%). This means that when energy is produced that cannot be
stored because the battery is fully charged, the energy can be sold
back to the power grid. We assume that the selling price is half the
cost at which energy is purchased from the power grid. The figure
shows that the gaps between CPLEX and heuristics are similar to
those of the case without energy sell-back, shown in Fig. 5.

Similar to what we do with Torino, we compare the results of
CPLEX and the heuristic algorithm for the case of Aswan; results
are reported in Fig. 7, assuming that energy cannot be sold-back.
The largest gap, in this case, is around 30%, but the differences at
the end of the 10-year period are within 15%. The results for the
case with energy sell-back are very similar and omitted here for
the sake of brevity.

The results show that while the solutions obtained with the
two approaches are similar, there is a systematic difference with
the heuristic solutions selecting larger PV panel size and smaller
number of batteries. However, when the total cost is considered,
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Fig. 8. Example of battery status for a system with kWp=16.6, 27 batteries,
PT =100% (i.e., without grid power), during the 9th year under the residential traffic
profile, in Torino.

the differences between the solutions become rather small. We can
conclude that the heuristic approach leads, in shorter time, to so-
lutions whose cost is comparable with the solutions obtained with
CPLEX. Hence, in the following, we will use the heuristic approach.

6. Comparing powering systems

In this section, we compare the effectiveness of the different
considered powering systems for both Torino and Aswan. As we
mentioned in previous sections, the two considered cities have
quite different solar radiation patterns that lead to quite different
results. Given the good accuracy provided by the heuristic algo-
rithm and its lower computational complexity, in what follows we
derive all results using the heuristic algorithm.

6.1. The case of Torino

6.1.1. System dimensioning

We start by considering the case of Torino for different values
of PT, focusing on the one year optimization, that, for Torino, is
performed using the system parameters of the 9th year. Table 4 re-
ports the PV panel size, the initial number of batteries, the initial
cost, the cost due to the amount of energy bought from the power
grid (when PT < 100%) and the reward due to sold-back energy.
The results show that the hybrid solar-grid energy system (PT <
100%) saves a lot in terms of cost and PV panel dimension with re-
spect to the pure PV case (PT =100%); savings are from 50% to 70%.
If 1 kWp PV panel roughly corresponds to 5 m? [21], the size of
the PV panel of the hybrid system with PT =70% is around 20 m?2,
which is much more feasible for installation than the size of the
PV panel for the pure solar energy system that is about 80 m?2.

For the same case, Fig. 8 shows the simulation of the battery
charge status for the pure solar system (PT =100%). The red part
of the curve refers to the amount of energy that cannot be stored
inside the batteries. This part of energy is sold back to the power
grid, if this is possible, and it is wasted otherwise.

The green part in Fig. 8 represents the battery charge status.
The battery status is kept above 30%, which is a threshold that pro-
vides a safety margin in the design. The figure also clearly shows
that the energy production bottleneck is in winter (at the begin-
ning and the end of the year) where the discharge of the battery
is much deeper. Therefore, to satisfy the requirement during the
winter season, more batteries and larger PV panels have to be in-
stalled, and this leads to a larger energy wastage during summer.
By integrating the percentage of battery charging and discharging,
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Table 4

Size and cost of the powering system for the 9-th year dimensioning case, in Torino.

PT PV size [kWp]  No. batt. ~ PV+batt. cost [k€]  Grid cost [k€ [y]  Pay back [k€ [y]
70% 43 5 4.07 0.16 0.240
80% 4.3 7 4.38 0.12 0.229
90% 9.1 7 8.07 0.05 0.850
100% 16.6 27 16.92 0 1.832
40 - —0— PT=70% (Hybrid)
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Fig. 9. Example of battery status for a system with kWp=4.3, 5 batteries, PT =70%,
during the 9th year under the residential traffic profile, in Torino.

we compute how many battery cycles are consumed during the
year. Then, the time when the battery is exhausted can be com-
puted.

Fig. 9 shows the battery status of the hybrid solar-grid energy
system (the case PT =70% is shown as an example). Similar to
Fig. 8, the red part on the top stands for the wasted (or, if possible,
sold back) energy and the green part represents the battery status.
For PT =70% the percentage of time in which the battery status
is above 30% is 70% of the entire year. The red part at the bot-
tom stands for the amount of energy that is taken from the power
grid. We assume that the BS uses energy from the power grid only
when the battery is empty. The battery discharge in this figure is
more balanced during the whole year with respect to Fig. 8. The
discharging of the battery is much deeper, leading to a shorter
life time of the battery. However, the savings of the dimension-
ing of the system is large due to smaller CapEx (smaller PV panel
size and fewer batteries) and the larger number of battery replace-
ments does not impair the advantage of the hybrid system. We will
discuss the cost on 10 year periods in the next section.

6.1.2. Capex and opex in a 10 year period

Now we focus on the system cost during the whole 10 year pe-
riod. Fig. 10 reports the case in which energy sell-back is not pos-
sible, i.e., the energy that is produced, but cannot be stored in the
battery or consumed, is wasted. The figure shows the comparison
between the cases of pure solar, hybrid solar-grid, grid only and
diesel generator. The break-even point between the hybrid systems
with PT = 80% and 90% and the grid only case is around the 8th
year, meaning that taking all costs into account (CapEx and OpEx)
the hybrid system starts being cheaper than the grid-only pow-
ering from the 8th year. As previously observed, hybrid systems
cost much less than the pure solar system, with savings from 50%
to 70%. The case with diesel generator is the most expensive one,
even more expensive than the pure solar system from the 5th year.
These results demonstrate that the proposed hybrid systems not
only have the advantage of renewable energy which is clean and
sustainable, but are also cost effective with respect to the tradi-
tional power grid.

—&— PT=80% (Hybrid)
—&— PT=90% (Hybrid)
—¥— PT=100% (Off-grid)
30 - —— Grid-only

—O— Diesel Generator

Total cost [kEuro]

year

Fig. 10. Total cost for some values of PT, no energy sell-back, in Torino.
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Fig. 11. Total cost for some values of PT, with extra-energy sell-back, in Torino.

Fig. 11 shows the results for the case with energy sell-back. In
these cases, hybrid systems reduce cost from the 6th year with re-
spect to the power grid. The pure solar system, being dimensioned
with larger panels, results more convenient than the hybrid sys-
tems. However, the pure solar systems are usually deployed in ru-
ral areas where there is no access to the power grid, so that extra-
energy cannot be sold back. Therefore, for comparison purposes,
we also show the pure solar energy system without energy sell-
back. The hybrid system with sell-back saves about 70% to 80% of
the cost by the 10th year compared to the pure solar system with-
out sell-back.
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Table 5

Size and cost of the powering system for the 10th year dimensioning case, in Aswan.

PT PV size [kWp] ~ No. batt.  PV+batt. cost [k€]  Grid cost [k€ [y]  Pay back [k€ [y]
70% 3.8 5 3.69 0.019 0.017
80% 3.9 5 3.76 0.014 0.024
90% 39 6 3.92 0.012 0.024
100% 5 15 6.15 0 0.109
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Fig. 12. Battery status, PT =100%, in Aswan.
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Fig. 13. Battery status, PT =70%, in Aswan.

6.2. Aswan results

6.2.1. System dimensioning

As previously mentioned, in the case of Aswan, the 10-year di-
mensioning leads to choose the parameters’ setting corresponding
to the 10th year (it was the 9th year in the case of Torino). In-
deed, only the conservative case of the 10th year parameters leads
to a system that can guarantee the constraint on PT for the whole
period. Table 5 shows the results of the optimization on year 10.
Observe that the system, in terms of PV panel size and number of
batteries, is much smaller than for the case of Torino. This is due
to both the facts that in Aswan the solar radiation is higher and
the seasonal variations are smaller than in Torino. Moreover, also
the gap between hybrid systems and the pure solar system is much
smaller than the case of Torino.

Fig. 12 shows the battery status of the pure solar system
(PT =100%), while Fig. 13 shows the battery status of the hybrid
system (PT =70%). Comparing these two figures with Figs. 8 and
9, observe that the battery has deeper charging and discharging in
the Aswan case than in the Torino case. In Aswan, the solar ra-
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Fig. 14. Total cost for different values of PT in Aswan, no energy sell-back.
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Fig. 15. Total cost for different values of PT in Aswan, with extre energy sell-back.

diation is almost constant during the whole year; hence, there is
no bottleneck effect in winter. The least energy production time in
Aswan is in May and December, when rain is more frequent than
in other months. Deeper battery charging and discharging leads to
more battery cycles.

6.2.2. CapEx and OpEx in a 10 year period

Fig. 14 shows the comparison of different powering systems (for
the cases of pure solar, hybrid solar-grid, grid only and diesel gen-
erator) in Aswan, without energy sell-back, while Fig. 15 shows the
results with energy sell-back. By comparing the two figures, ob-
serve that the amount of energy that is sold-back is so small that
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the two figures are almost the same. This is due to the dimension-
ing of the PV system that well fits the energy need of the BS.

From the two figures, we also see that the hybrid system saves
with respect to the pure solar system, as in the case of Torino,
and it is almost equivalent in cost to the diesel generator (consider
however that we only account for the cost of fuel, which in Egypt
is very low, excluding transport, etc). The cost for the hybrid sys-
tems is instead higher (about 10% higher at the end of the 10-year
period) than for the connection to the power grid; this is because
in Egypt the price of grid power is quite low. Again, consider that
we do not include the cost of connecting the BS to the power grid,
which can be marginal within the city of Aswan, but very high in
the surrounding rural areas.

The increase of cost for the power grid with time in Aswan is
faster than in Torino (see Figs. 10 and11), because the price in-
crease rate (20% per year) is much higher than the one in Torino
(3% per year).

7. Conclusion

In this paper we studied powering systems for LTE macro BSs
that make use of solar energy, either relying on renewable energy
only, or using a mix of renewable energy and traditional supply.
We formulated the problem of the optimal choice of the PV panel
size and number of batteries with a Mixed Integer Programming
problem of cost minimization. We also proposed a heuristic algo-
rithm which is much more computationally efficient than the MIP
problem solution, while being reasonably accurate.

To discuss the effectiveness of the investigated BS powering sys-
tems, we considered two locations, Torino and Aswan, with quite
different solar energy generation patterns. The results show that
hybrid systems are much more effective than pure solar energy
system. In addition, in the case of Torino, hybrid systems also re-
duce cost with respect to the traditional power-grid system and
to a diesel generator. In Aswan, hybrid systems are economically
equivalent to diesel generators, and somewhat more expensive
than an existing connection to the power grid, because the elec-
tricity and diesel prices are both very low in Aswan.

Our study shows that powering BSs with renewable energy
sources is today not only possible at reasonable costs, but also in
many cases less expensive with respect to more traditional power
supply approaches. The forecast technology advances in both solar
cells and batteries will make the solar solution even more attrac-
tive in the years to come.
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