
A linear programming approach for battery degradation analysis and
optimization in offgrid power systems with solar energy integration

Chiara Bordin a, b, *, Harold Oghenetejiri Anuta c, Andrew Crossland b,
Isabel Lascurain Gutierrez b, Chris J. Dent b, Daniele Vigo a

a University of Bologna, Department of Electrical, Electronic and Information Engineering “G.Marconi”, viale Risorgimento, 2, 40136, Bologna, Italy
b Durham University, School of Engineering and Computing Sciences, South Road, Durham, DH1 3LE, UK
c Newcastle University, Newcastle upon Tyne, Tyne and Wear, NE1 7RU, UK

a r t i c l e i n f o

Article history:
Received 26 November 2015
Received in revised form
19 August 2016
Accepted 30 August 2016

Keywords:
Linear programming
Optimization
Battery degradation
Offgrid

a b s t r a c t

Storage technologies and storage integration are currently key topics of research in energy systems, due
to the resulting possibilities for reducing the costs of renewables integration. Off-grid power systems in
particular have received wide attention around the world, as they allow electricity access in remote rural
areas at lower costs than grid extension. They are usually integrated with storage units, especially bat-
teries. A key issue in cost effectiveness of such systems is battery degradation as the battery is charged
and discharged.

We present linear programming models for the optimal management of off-grid systems. The main
contribution of this study is developing a methodology to include battery degradation processes inside
the optimization models, through the definition of battery degradation costs. As there are very limited
data that can be used to relate the battery usage with degradation issues, we propose sensitivity analyses
to investigate how degradation costs and different operational patterns relate each others. The objective
is to show the combinations of battery costs and performance that makes the system more economic.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Storage technologies and storage integration are currently key
issues in energy systems research, particularly due to the need to
integrate high renewable energy capacities. Diagrams presented in
Ref. [1] show the increasing penetration of renewable sources both
in industrialized and developing countries between 1980 and 2010.
The International Renewable Energy Agency IRENA discusses
different technologies of battery storage for renewables in the
report [2], where four main application areas are identified: islan-
ded systems with off-grid rural electrification; households with
solar photovoltaic; demand shifting; short-term electricity
balancing in ancillary markets.

Off-grid power systems in particular have received wide

attention around the world as further analyzed in Ref. [3]. They can
bring electricity to remote rural areas at lower costs than grid
extension. As described in Ref. [4] they are typically based on one or
more renewable energy sources (e.g. solar photovoltaic or wind)
together with a conventional power generator to provide backup
when necessary.

Storage units, such as batteries, can be integrated in offgrid
systems as they represent an alternative capacity source to the
conventional generator which has high operational costs due to
fuel consumption in addition to CO2 emissions [5]. Especially in
offgrid applications like the one presented in Ref. [6], batteries
perform several important tasks such as reducing intermittence of
the renewable resources, extending the electrical service hours to
night time periods, and allowing the system to run for extended
periods without any power generation.

Optimization techniques and technical economic analyses has
been widely used in literature in order to investigate smart oper-
ational management approaches both in distributed energy sys-
tems and islanded systems. Examples can be found in Ref. [7] where
linear programming is used for distributed energy system opera-
tional optimization, and in Ref. [8] where comparisons between
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fuel-based systems and smart renewable-based systems are
presented.

As outlined in Ref. [9], the economics of a hybrid energy system
depend both on the size of the selected components and on the
dispatch strategy. With regard to the latter, a key issue in cost
effectiveness of such systems is battery degradation as the battery
is charged and discharged [10]. Hence a question that arises is how
storage operations might be carried out in a more economical way,
taking into account the hidden costs related to the degradation
issues involved in such technologies? And since these battery
technologies have operation costs due to degradation issues, are
they still cost effective for an off-grid system? These kind of ques-
tions can be well studied through using mathematical optimization
techniques [11] to determine whether certain choices are cost
effective or not and, if not, understanding under which conditions
they can become cost effective and how to make better use of the
available alternatives.

The present paper will discuss linear programming models that
can be used to optimise management of off-grid systems. The key
contribution of this work is the inclusion of battery degradation
costs in the optimization models. As available data on relating
degradation costs to the nature of charge/discharge cycles are
limited, we concentrate on investigating the sensitivity of opera-
tional patterns to the degradation cost structure. The objective is to
investigate the combination of battery costs and performance at
which such systems become economic.

This paper is organized as follows. In Section 2 a brief literature

review on battery control and optimization is presented, followed
by an introduction to the main technical properties of battery in
Section 3. The mathematical model developed for off-grid system
optimal management including battery scheduling is described in
Section 4 while the following Section 5 discusses mathematical
formulations to take into account the main battery degradation
issues. Computational testing of the model is presented in Section
6, and Section 7 draws conclusions and present possible future
research directions.

2. Literature review

The available literature in the field of batteries can be classified
into two main approaches, experimental studies and the mathe-
matical analytical studies. The first focuses on chemical analyses
and laboratory tests to increase knowledge of degradation pro-
cesses. Examples of this approach can be found in Ref. [12] where
authors discuss a method to diagnose electrode-specific degrada-
tion in commercial lithium ion (Li-ion) cells [13]; which presents a
diagnostic techniquewhich is capable of monitoring the state of the
battery using voltage and temperature measurements in galvano-
static operating modes [14]; where authors describe life experi-
ments performed on lithium polymer cells to investigate the cell
life dependence on the depth of discharge; and [15] where a review
on methods to mitigate battery degradation is presented.

On the other hand, the mathematical analytical approach is
focused on computational simulations and optimization analyses.

Nomenclature

Variables
xtij energy flow from the renewable source i to the storage

unit j in time t
xtiv energy flow from the renewable source i to the inverter

v in time t
xtjv energy flow from the storage unit j to the inverter v in

time t
xt
vd energy flow from the inverter v to the final users d in

time t
xtrj energy flow from the rectifier r to the storage unit j in

time t
xtpd energy flow from the conventional generator p to the

final users d in time t
xtpr energy flow from the conventional generator p to the

rectifier r in time t
Qt
j battery energy content in time t

Q1t available energy in the battery in time t
Qmg battery lowest state of charge in every day
Qpg battery highest state of charge in every day
Qt
end battery energy content at the end of a discharge

sequence
Qt
start battery energy content at the beginning of a discharge

sequence
qt binary variable equal to 1 if the battery is charging
qtdown binary variable equal to 1 if a charging sequence is

starting
qtup binary variable equal to 1 if a charging sequence is

interrupting
qtup;max binary variable equal to 1 if a charging sequence is

interrupting on a fully charged level

bt binary variable equal to 1 if the battery is discharging
btdown binary variable equal to 1 if a discharging sequence is

interrupting
btup binary variable equal to 1 if a discharging sequence is

starting

Parameters
B actual battery degradation cost ($/kWh)
c battery capacity ratio (unitless)
Cbank
rep battery bank purchase cost ($)

dt final users demand defined for period t (kWh)
E square root of the roundtrip efficiency of the battery j

(%)
I battery maximum charge current (A)
K cost of the energy produced by the conventional

generator ($/kWh)
k battery rate constant (1/h)
L battery lifetime throughput (kWh)
N number of batteries (n)
PCp conventional generator capacity (kW)
PPp conventional generator minimum production (kWh)
Qbank
lifetime battery bank lifetime throughput (kWh)

Qmax battery capacity (kWh)
R replacement cost of the battery ($)
Ret renewable energy forecast production in period t

(kWh)
Sj minimum state of charge of the battery j (%)
T programming period
t time step (h)
V nominal voltage of the battery (V)
a battery maximum charge rate (A/Ah)
lv efficiency of the inverter v (%)
lr efficiency of the rectifier r (%)
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