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Abstract: The current EU energy and climate policy targets a significant reduction of carbon dioxide
emissions in the forthcoming years. Carbon pricing, embedded in the EU emissions trading system,
aims at achieving emission reductions in a more evenly spread way and at the lowest overall cost
for society, compared with other environmental policy tools, such as coal or electricity taxes, or
incentives such as subsidies on renewables. Still, the implementation of the decarbonization policy
depends on several technical parameters such as the type, size and connectivity of the energy system
as well as economic restrictions that occur. Within this paper, an optimization tool will be presented,
focusing on cleaner energy production and on the control and reduction of environmental impact
regarding energy storage solutions. Various types of batteries are examined and evaluated towards
this direction. Emphasis is given to setting new criteria for the decision-making process, considering
the size of battery storage and the selection of the battery type based on the environmental impact
assessment parameter. The objective function of the system is formulated so as to evaluate, monitor
and finally minimize environmental emissions, focusing mainly on carbon emissions. Optimization
is carried out based on mixed integer nonlinear programming (MINLP). Two of the main battery
types compared are lead–acid and lithium-ion; both of them result in results worth mentioning
regarding the replacement impact (seven times during system lifetime for lead–acid) and the total
environmental impact comparison (lithium-ion may reach a 60% reduction compared to lead–acid).
Case studies are presented based on representative scenarios solved, which underline the importance
of choosing the appropriate scope for each case and demonstrate the potential of the tool developed,
as well as the possibilities for its further improvement.

Keywords: energy storage; batteries; carbon emissions; environmental decision making; battery
materials

1. Introduction

Lately, the EU has set goals and developed a legislative framework centered on clean
energy, minimizing energy use and lowering CO2 emissions, which are supported by
directives and laws [1]. The most recent energy-related goals are the following three: (a)
20-20-20 (a 20% increase in energy efficiency, a 20% reduction in greenhouse gas emissions
compared to 1990 and a 20% contribution to the energy utilized from renewable energy
sources/RES, which were to be achieved by 2020) [1]; (b) more ambitious energy targets
for 2030 (27–30% improvement in energy efficiency, 40% reduction in greenhouse gas
emissions compared to 1990, at least 27% contribution from renewable energy sources
and a 15% electricity interconnection target) [2]; and (c) a 2050 far-reaching energy goal
(greenhouse gas emissions reduction of 80–95% compared to 1990), aiming at an almost
carbon neutral energy mixture [3]. As a result, the adopted energy policy aims to direct
the European economy towards cleaner energy and lower greenhouse gas emissions or
towards a decarbonized society. Other than the pressure applied by legislature and the
regulatory framework, a holistic decarbonization strategy has significant and quantifiable
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benefits, which should make it appealing [4]. The need and the benefits of decarbonizing
the energy sector are highlighted in a long-term strategy towards modern competitiveness
and climate neutrality [5]. As a result, decarbonization technologies are driven, articulated
and explained by the technical character of the process [6].

Despite the evident relevance of decarbonizing the energy sector, few frameworks
for decarbonization and optimization of renewable energy systems (RES) in residential
grids and micro-grids have been created up till now. Still, the development of optimization
models in the field of energy production and planning has received a lot of attention lately.
Other than the requirement for decreasing cost in RES applications, integrating storage
systems in their operation is also noteworthy, since, in contrast to fossil fuels and specific
renewable sources such as geothermal energy and biomass, the yield from wind and solar
energy is directly linked to weather conditions, making energy output less predictable and
non-dispatchable.

As a result, energy storage is critical in addressing energy accessibility challenges, as
well as better energy management, cost reduction and environmental impact reduction.
Despite the existing barriers for regulating energy storage systems (ESS), particularly for
batteries used in residential applications, the importance of battery integration is crucial.
Following the significant improvements in battery technology, their costs are expected to
fall by 50–66% by 2030 [7]. As a result, auxiliary services, such as battery capacity alignment
and demand response that maintains the required frequency, are expected to be supported
by batteries due to their lower investment cost compared to further power generation units.

Technological advances, when paired with algorithms and mathematical program-
ming, enable considerable improvements in integrated system dimensioning, as well as
the less imaginable environmental effects of carbon dioxide emissions reduction and en-
ergy availability for demand response. In this vein, the research is focused on creating a
framework that can manage electricity from home-based photovoltaic panels and store it,
considering various types of batteries, with a dimensioning set of limitations as a result, to
achieve the least environmental impact.

Given the importance of RES, batteries and their integration in energy production
systems, their dimensioning and proper usage plays a decisive role in minimizing the
environmental impact of a system. This dimensioning process contains technical compo-
nents and parameters, such as the battery power, which determines the system’s capacity.
The components included in the design and the production process also affect the envi-
ronmental profile of the system analyzed: the environmental emission factors based on
production, usage and disposal define the environmental impact of the different stages and
prioritize the system’s parameters regarding the consumption, the energy storage or the
possibility of selling the electricity generated to the grid. Finally, the functioning of energy
storage systems is governed by regulatory concerns. The study focuses on developing a
decision-support tool for battery dimensioning in an existing system by using environmen-
tal criteria. The tool is adaptive to possible system modifications and can also be used for
other systems. The developed tool has, as a main advantage, the ability to combine the
input data and provide optimum solutions regarding the battery type and capacity which
minimize the system’s environmental impact.

As a result, developing and evaluating energy policies for countries and regions has
become a complicated task [8]. A similar statement may be made regarding the challenge
of evaluating individual activities in the domain of energy source type and placement [8].
The stated competing objectives (economic, social, technological and environmental) offer
the context for utilizing multi-criteria decision analysis (MCDA) methodologies [9].

Solving RES decision-making challenges, MCDA approaches are commonly utilized.
MCDA methods have demonstrated to be a profitable inquiry not only regarding the
evaluation and positioning of alternatives [10] but, moreover, for suggesting how to al-
ter procedures and activities in an arrangement to optimize the expressed objective of
choice [11].
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Most of the published data, as they will be presented in the literature review, focus
on the implementation of the life cycle analysis (LCA) methodology for ESS, but there is
still a lack of a framework specifically for dimensioning the storage system, aligned with
the system’s energy management, and considering the materials used to produce various
battery types under the scope of low environmental impact. In this sense, the adaptive
decision-making tool developed is capable of illustrating an integrated assessment covering
the gap mentioned about the decision-making process. The tool is not confined to a single
type of battery, but it is flexible enough to compute the system’s total emission based on
the batteries’ materials, as met in various battery kinds. The battery capacity emission
sensitivity analysis can be undertaken using this framework, yielding clear results for
energy storage on a residential level. Finally, the data needed to properly formulate the
framework, namely of the specific battery materials and the respective contribution of
each material depending on their capacity, can develop a clear drive to any future battery
selection for residential applications, taking into consideration the environmental impact.

2. Materials and Methods
2.1. State of the Art

Significant research effort has been made to develop mathematical frameworks and
respective software tools for either planning of production or management of energy. Some
of the mathematical programming techniques that can be utilized in order to solve such
problems are mixed integer programming (MIP) and linear (or non-linear) programming
(LP or NLP). Table 1 presents some of the most prominent battery optimization studies,
with an emphasis on residential applications, either using optimization techniques or
focusing on the environmental impact calculation based on batteries.

Table 1. State of the art.

Reference Optimization Approach Main Findings of the Review
Analysis

[12]
Comparison of several battery types for

household PV panel
applications/Battery type selection.

The most promising area of study is
lithium-ion batteries.

[13]
PV batteries for use in Greece and

Denmark, system design based on cost
savings/battery based on cost savings.

Greece will benefit from a 10% drop in
battery costs while Denmark will

benefit from a 30% reduction in battery
costs, making storage economical.

[14]

The impact of the production of various
types of batteries in terms of energy,

raw materials and greenhouse
emissions has been evaluated using

currently available data.

In terms of production, lithium-ion
batteries have the greatest influence in

several environmental sectors.

[15]
Review of Li-ion battery LCA studies

with an emphasis on the battery
manufacturing process.

Based on the literature reviewed,
estimated average values for
environmental consequences.

[16]

Sodium/nickel chloride batteries, one
of the new battery technologies for

energy storage and smart grids, have
both energy and environmental

consequences—LCA.

The battery’s life-cycle impact can be
reduced by improving efficiency and

lowering carbon emissions throughout
the manufacturing process.

[17]
Equivalent architectures for

single-family and community-scale
installations are compared/LCA.

The most environmentally sustainable
option is a household-scale PV system

integrated within a micro-grid with
community-scale wind turbines and

Li-ion batteries.
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Table 1. Cont.

Reference Optimization Approach Main Findings of the Review
Analysis

[18]
Lithium-air, lithium-sulfur and

sodium-ion environmental footprint
comparison.

The environmental and carbon
footprints of sodium-ion batteries are
similar to those of LieS batteries. In
addition, when compared to LieS

batteries, sodium-ion batteries have a
far larger water footprint.

[19]

Lithium-ion batteries are well suited for
this application, offering numerous
benefits such as a light and compact

design, exceptional performance,
dependable operation and long cycle

life. This study delves into the
engineering features of lithium-ion
battery packs for solar household

systems, as well as the current and
future cost issues.

Despite its relatively high initial cost,
the lithium-ion battery is cost

competitive when it comes to energy
storage.

[20]

Using ReCiPe-2008, researchers
compared the cumulative energy

demand (CED) and global warming
potential (GWP) of four stationary
battery technologies: lithium-ion,

lead–acid, sodium sulfur and
vanadium-redox-flows.

Recommended batteries with higher
round-trip efficiency, such as

lithium-ion, for stationary grid
operation.

[21]

LCA of 100 MW ground-mounted PV
system with 60 MW of

lithium-manganese
oxide (LMO) LIB.

The payback time for energy and the
life cycle global warming potential both

grow by 7–30%.

[22]
Utility-scale life cycle environmental

impact assessment of California’s
electricity sector.

In four of the six environmental impact
categories studied (climate change, fine

particulate matter, photochemical
ozone production and land

acidification), lithium-ion battery
storage had many fewer effects than

natural gas generation.

[23]

Using a retrospective consequential
LCA, assesses the environmental

impacts of energy generation along
with ESS.

The grid-optimized operation and
deployment of ESS resulted in a 53%

reduction in GHG emissions, as well as
a 28% reduction in overall marginal

operating costs.

[17]

Life cycle environmental sustainability
of residential and community

installations created as part of this
project, which combine diesel, solar

and wind energy with battery storage.

Batteries are a key environmental issue,
accounting for up to 88% of a home
energy system’s life cycle impact.

[24]

Study on impacts of the construction,
disposal/end of life and use of

electricity storage technologies for grid
applications using the life cycle

assessment technique.

The storage systems’ performance
appears to be linked to the power

feedstocks used during the
consumption stage, according to the

findings.

2.2. Theoritical Backround on Batteries’ Materials

The current section gives an outline of the many types of batteries that may be utilized
in renewable energy systems. Key benefits and disadvantages of every type are discussed,
as part of the determining the most suitable choice for residential PV systems.
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2.3. Lithium-Ion

Lithium-ion batteries are readily available on the market, primarily for small scale
storage applications. They are a comparatively new technology, rapidly gaining market
shares in a variety of fields. Even though their initial cost is high, it is gradually decreasing,
fostering their propagation in the market. Most have a cathode of lithium oxide (LiMO2,
LiCoO2, LiNiO2), a graphite pure carbon anode and lithium salt electrolyte organic solvent
(LiPF6). When compared to other types of batteries, lithium-ion batteries have a longer
life cycle (500–2000 cycles) and are more energy efficient (99–100%) [25]. Lithium is the
lightest compared to all metals, with the highest electrochemical potential and the highest
energy density in battery designs (up to 250 Wh/kg) [22]. Furthermore, they do not need
maintenance as the self-discharge rate is low (5%), and they are not influenced by the
memory phenomenon; therefore, no scheduled full discharges are required to keep them
in excellent shape. Shorter life cycle at high temperatures, limited stress resistance and
the requirement for a safety circuit are some of the drawbacks. Each array contains a
circuit that keeps the peak voltage of each element from dropping during charging and
prevents it from dropping during discharge. Maximum charge and discharge currents and
temperature are all regulated to prevent lithium metal plating due to overload [22].

A cathode combination of nickel, manganese and cobalt is one of the most successful
Li-ion systems (NMC). These systems, similar to Li-manganese, can be modified to serve
as energy cells or power cells. NMC in an 18,650 cell for moderate load conditions, for
example, has a capacity of about 2800 mAh and can produce 4A to 5A [26]. The capacity
of a silicon-based anode can be increased to 4000 mAh and beyond, but at the cost of
reduced loading capability and shorter cycle life. The disadvantage of silicon added to
graphite is that the anode expands and contracts with charge and discharge, making the
cell mechanically unstable [26]. The cathode material for lithium-ion batteries is lithium
nickel–cobalt–aluminum oxide (NCA), which is mostly used in electric vehicles. The
capacity of batteries can be improved due to the high nickel content of lithium nickel–
cobalt–aluminum oxide (NCA), which leads to a greater distance that can be traveled with
a single charge [26]. NCA has a usable charge storage capacity of 180 to 200 mAh/g [27].
The two materials, NCA and NMC, have similar structures, electrochemical behavior and
performance, with comparably high energy densities and performance. The NCA battery
is projected to hold 4.5 to 9.5 kg of cobalt and 11.6 kg of lithium [27].

2.4. Lead–Acid

These are the most used batteries that are rechargeable; they are a safe and reliable tech-
nology with a decreased purchase rate. Their cathode is made of lead dioxide (PbO2), the
anode is made of lead (Pb) and the electrolyte is made of sulphuric acid (H2SO4) [28]. Some
of the technology’s advantages include the low rate of discharge (5%) and the battery’s
ability to function over a wide range of temperatures [27]. On the other hand, they have
some disadvantages, including decreased energy density (30–50 Wh/kg), increased main-
tenance requirements, decreased life cycle (200–300 cycles with 80% DOD), low efficiency
(90%), slow charging (8–16 h) and, in particular, the use of toxic construction materials,
which make these batteries difficult to recycle, hence making them less sustainable than
other types [29,30]. Still, they are met in cars, hoisting and lifting machinery, shipping and
uninterruptible power supply (UPS) systems. They are also, at least until now, the most
frequently used storage system for PVs [31].

2.5. Nickel–Metal Hydride (NiMH)

Nickel–cadmium and nickel–metal hydride batteries are both classified as alkaline
batteries and share similar properties. The second type of battery has a 30–40% higher
energy density than the first one (60–120 Wh/kg) [28,29,32]. The life cycle is lowered to
300–500 cycles, while the charging duration is increased to 2–4 h. They are, on the other
hand, less influenced by the memory phenomenon, which is a concern with many battery
types since it decreases availability and usability. Finally, non-toxic, mostly recyclable
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materials are used in this type [26]. They are rechargeable disposable batteries of various
sizes that are used to replace non-rechargeable batteries in computers, medical equipment
and other uses. They can also be used in applications using renewable energy [28].

2.6. Nickel–Cadmium (NiCd)

The present version of this battery has a nickel hydroxide positive electrode and
a cadmium hydroxide negative electrode, with an electrolyte made from an aqueous
solution of potassium hydroxide and lithium hydroxide [22]. Although they have a higher
energy density than lead–acid batteries, they nevertheless have a low energy density
(45–80 Wh/kg). Increased discharge (about 20%) is one of their drawbacks, which is
accompanied by low voltage in each cell. Finally, one of the inherent disadvantages of this
battery type is the use of harmful components [30]. Communication equipment, medical
devices and power tools are among the most common applications for this battery type.
Although they are well suited for renewable energy systems, they are rarely used due to
their high initial cost, since they are more expensive—up to four times more than lead–acid
and two times more than lithium-ion batteries [25].

2.7. Flow Batteries

This battery type is an electrochemical cell generating chemical energy by flowing two
chemical components dissolved in liquids on opposing sides of a membrane across the
system. While both liquids circulate in their own region, ion exchange (followed by the
flow of electric current) occurs via the membrane. The Nernst equation verifies cell voltage,
which can vary from 1.0 to 2.43 volts in real-world applications. With wasted fuel collected
and new fuel pumped into the system, a flow battery can be utilized either as a fuel cell or as
a rechargeable battery, where an electric power source drives the fuel regeneration [30,31].
While this offers certain technological benefits over traditional rechargeable batteries,
such as the possibility of separate liquid tanks and nearly infinite battery life, current
implementations are less powerful and need more complicated circuitry. Flow cells of many
types have been built, including redox, hybrid and membraneless flow cells. The main
difference between regular batteries and flow cells is that in traditional batteries, energy
is stored in the electrode material, but in flow cells, it is stored in the electrolyte. Their
advantages include long life cycles, increased safety owing to non-flammable materials,
a customizable architecture and rapid response to energy needs [32]. They also produce
less pollution. The low charge and discharge rate, as well as the poor energy density,
are also drawbacks that boost the battery’s operational cost. Nonetheless, they fulfill the
specifications for usage in RES systems, stand-alone systems, electric automobiles and
power conversion technologies [33].

2.8. Selection of Battery Type for Residential Applications

When considering which battery type to use for an energy system in residential
applications, it is important to consider its life cycle cost, with the two major contributing
factors being investment and the disposal cost. The cost effectiveness of a battery is
eventually determined by parameters including its efficiency, safety, reliability and its
environmental impact [31]. The energy density and power the systems provide, as well as
their fast-charging capability and energy efficiency, are other characteristics crucial for the
battery’s use.

As already mentioned, lead–acid batteries are the most common type used in residen-
tial PV applications because of their low discharge rate, reliability and decreased total cost.
Nevertheless, due to the short lifetime resulting from the combination of a limited number
of life cycles and the need for continuous loading and discharges within the limits, not all
requirements are satisfied [27].

Lithium-ion batteries appear to fulfil the fundamental requirements for increased
energy density, increased efficiency, extended life cycle and constant partial discharge
capability. Furthermore, they do not contain harmful ingredients and may achieve the



Energies 2021, 14, 6189 7 of 16

required reliability with careful control [30]. Since their cost has been decreasing in the last
few years, they are steadily becoming a viable choice, expected to dominate the field soon.
For all these reasons, either lithium-ion or lead–acid batteries should be considered for a
PV-based micro-grid system.

With respect to their environmental impact, the main batteries’ construction features
and the materials used for their production have been gathered and reviewed for three
main types, namely lead–acid, lithium-ion NCM and lithium-ion NCA. All the needed
details were collected, considering the energy density (Wh/kg), the active materials and
wt% corresponding to every type of battery, the emission factor during the production
stage and the open loop (kg CO2eq/kg). The main reference used for the emission factors
were the Defra [33], Ecoinvent [34] and IPCC [35] databases. Regarding the batteries’
materials, the results of the literature research are presented in Table 2 based on the wt% of
the material found in every battery type and calculating the material used for the package
of the battery (cathode, anode, electrolyte, separator, electronics, casing) [10–17,34–58].
Based on the objective function of [59], the embodied carbon indicator is related to the
different type of the materials used, as well as the energy and fuel consumption at the
different life cycle stages (production, use, end-of-life).

Table 2. Review analysis of batteries’ characteristics regarding carbon emissions and energy density.

Battery Type Type of Active Material Wt% Carbon Indicator
(kg CO2eq/kg)

Energy Density
(Wh/kg) References

Lead–Acid

Lead 60 0.52

30–50 [16,17,36–43]
PVC or PE 10 4–10

Glass 10 0.8946
Silicon 10 4.8

PP 10 3.089

Lithium-Ion NCM

Graphite/Carbon 9.49 1–2

150–200 [16,17,36–43]

Copper 24.8 2.71
Ethylene carbonate 8.3 2.6

Polypropylene 8.3 10
Polyethylene 1.6 4–10

Steel 13.4 1.35
Aluminum 10.0 12.9

Cobalt 5.53 9
Nickel 5.53 10

Manganese 5.53 1.6
Lithium 7.5 27

Lithium-Ion NCA

Graphite/Carbon 15 1.5

100–135 [16,17,36–43]

Ethylene carbonate 12 2.6
Polyethylene 10 10

Steel 25 1.35
Aluminum 11 12.9

Cobalt 5 9
Nickel 20 10

Lithium 2 27

3. Results of Mathematical Model Analysis for the Battery Dimensioning

The mathematical model developed for the calculation of the battery dimensioning
decision support system is presented in this section, considering the total environmen-
tal impact during the battery’s life cycle in a micro-grid. The life cycle assessment is a
methodology defined by ISO 14040-44. Therefore, the terminology and the implementa-
tion processes are based on ISO standards. The model was developed using the AIMMS
software [60] using a non-linear programming approach (NLP). An algebraic modeling
language, an integrated development environment for both modifying models and build-
ing a graphical user interface around these models and a graphical end-user environment
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make up the AIMMS Prescriptive Analytics Platform. The AIMMS Open Solver Interface
connects AIMMS to a variety of solvers. CPLEX, FICO Xpress, MOSEK, CBC, MINOS,
Conopt, KNITRO, IPOPT, SNOPT and CP optimizer are among the solvers supported [61].
For the aforementioned reasons, AIMMS is selected as the software for both optimizing the
problem and offering the results through a graphical user interface. Total environmental
impact is calculated considering both the carbon dioxide equivalent during the operation
as well as the production of the battery.

3.1. Total Emission Objective Function

The objective function of the system is developed so as to minimize the total emissions
(TE), taking into consideration the battery usage. The (TE) value is a result of the total
emissions during the production of the batteries (TEP) as well as the emissions of the
system during its operation (TEO):

TE = TEP + TEO (1)

3.2. Total Emissions during Production Process

The emissions during the production process have been calculated based on the
materials (MP(mt)) used to produce each battery type (lead–acid, lithium-ion NCM, lithium-
ion NCA) multiplied by the carbon dioxide equivalent emission factor for each material
(EmP(mt)), for the needed battery capacity (BC), the energy density (END) based on the
battery type and the times the battery is changed (BCT) during the years of study:

TEP = (∑
mt

EmP(mt)·MP(mt))·(1 + BCT))·(BC/END) (2)

3.3. Total Emissions during Operation Process

The emissions during operation have been calculated by taking into account the
carbon dioxide equivalent of the total electricity purchased from the main grid for every
month of the year (Eimp(m,t)) for the years of study (y) and the grid electricity carbon
dioxide emission factor (Eel):

TEO = Eimp(m, t)·Eel·y (3)

3.4. Energy Balance

The energy used for demand response (ED(m,t) can either be (a) the energy produced
by the PV panels (N) of the micro-grid for a given solar radiation (rad(m,t))), and hence for
every month and time of the year (Epv(m,t)), the area of the panel (apv) and the losses of
the panel (ns,np) of each house (H), or (b) the energy bought by the main grid (Egrid). As
such, the energy that has either not been covered by the PV panel production (E(m,t)) or the
energy excess that could be stored in the battery can be calculated based on Equation (5):

Epv(m, t) = N·H·apv·rad(m, t)dt·np·ns (4)

E(m,t) = Epv(m,t) − ED(m,t) (5)

3.5. Energy Flow in Batteries

The energy that can be stored in the batteries for each hour of a month’s representa-
tive day (ES(m,t)) can be calculated by comparing the energy excess (E(m,t)), the energy
purchased by the main grid (Egrid(m,t)) or the energy sold to the main grid (Esell(m,t)), the
energy that has already been stored in the batteries the previous time (t-1) (ES(m,t-1)) and
the battery capacity (BC), taking into account the maximum and minimum state of charge
of the battery (CHmax, CHmin), the current state of charge (CH(m,t)) and the batteries’
efficiencies of charging and discharging and of the total battery energy (nc, nd, nt) [62]. It
should be noted that the times the battery has to be changed (BCT) can be calculated for the
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years of study (y) and charging cycles of the battery based on its type (c), assuming that one
full charge is being achieved during every day [41,63,64]. Three main cases are examined.
When there is an energy excess, the battery charging and following the battery capacity
are calculated based on the size needed to reach the maximum state of charge. On the
other hand, when the energy excess is less than zero, the calculation is made considering
the minimum state of charge. That way, both the maximum and the minimum limits for
capacity are evaluated, and the final capacity of battery is calculated.

i f E(m, t) > 0 then :

CH(m, t) =
{

CH(m, t − 1) + ES(m, t) i f CH(m, t − 1) + E(m, t)·nc ≤ CHmax else
CHmax

(6)

and ES(m, t) =
{

E(m, t)·nc i f CH(m, t − 1) + E(m, t)·nc ≤ CHmax else
CHmax − CH(m, t − 1)

(7)

and Esell(m, t) =
{

0 i f CH(m, t − 1) + E(m, t)·nc ≤ CHmax else
E(m, t)− ES(m, t)/nc

(8)

i f E(m, t) < 0 then :

CH(m, t) =
{

CH(m, t − 1) + ES(m, t) i f CH(m, t − 1) + E(m, t)/(nd·nt)· ≥ CHmin else
CHmin

(9)

ES(m, t) = and
{

E(m, t)/(nd ∗ nt) i f CH(m, t − 1) + E(m, t)/(nd·nt) ≥ CHmin else
CH(m, t − 1)− CHmin

(10)

and Egrid(m, t) =
{

0 i f CH(m, t − 1) + E(m, t)/(nd·nt) ≥ CHmin else
−E(m, t) + ES(m, t)nd·nb

(11)

i f E(m, t) = 0 then :
ES(m, t) = 0

(12)

and CH(m, t) = CH(m, t − 1) (13)

and Esell(m, t) = 0 (14)

and Egrid(m, t) = 0 (15)

BCT =
y − (c/365)

c/365
(16)

4. Results Analysis of Representative Case Studies

The optimization framework elaborated was used to solve the following case studies,
in order to assess the framework and obtain valuable data on battery optimization. Thessa-
loniki, Greece (Csa on the Koeppen Scale [65]), was chosen as a location for the case study.
It is a densely populated urban area, with buildings that feature mostly flat roofs that are
ideally suited for the installation of PVs. Furthermore, due to the Mediterranean climate
and the increased use of air conditioning for cooling, the buildings present high peak de-
mand values during midday in the cooling period. A load profile generator [66] was used
to compute the electricity demand of each household for a typical four-person family, as
shown in Figure 1. The European database Photovoltaic Geographical Information System
(PVGIS) [67] was used to acquire solar irradiance for power production. In addition, the
carbon indicator for energy purchased from the Greek main grid was calculated to be 0.628
(kg CO2eq/kg) [68,69]. Finally, the photovoltaic panels used were monocrystalline, and the
batteries utilized were either lithium-ion batteries (NCA, NCM) with a 95% efficiency for
6000 charging cycles [70] or lead–acid batteries with an efficiency of 80% for 1450 charging
cycles [71]. Table 3 indicates the different case studies solved. It should be noted that the
following figures represent a yearly average of the values met for the micro-grid within the
system’s life cycle.
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Table 3. Representative case studies.

Case Study Battery Type Houses Years of Study

I Lead–Acid 15 30
II NCA 15 30
III NCM 15 30
IV Non ESS 15 30

Table 4 presents the main outcomes obtained by the optimization (obtained by the
optimization tool) regarding both the battery dimensioning and the carbon emissions that
occurred (a) at the production stage of a battery or (b) from the energy obtained by the
main grid. Figures 1–4 have been made using AIMMS software after optimizing the total
emissions of the system for each case study. Figure 2 illustrates the comparison between
the total carbon emissions due to the purchase of energy from the main grid.

Table 4. Representative case studies’ results.

Battery Type
Battery

Capacity
(kWh)

Total
Optimized

Carbon
Emissions

(kg)

Production
Carbon

Emissions
(kg)

Carbon
Emissions

by
Imported

Energy (kg)

Change
Battery
Times

Lead–Acid 83.13 4,809,008.95 2,049,038.82 365,918.98 7.05
NCA 100.36 318,171.71 8145.38 310,026.33 1.32
NCM 100.36 318,541.54 8515.22 310,026.32 1.32

Non ESS - 871,069.82 - 871,069.82 -

Finally, Figures 3 and 4 depict the daily energy exchange within the micro-grid, so
that the energy demand can be covered properly, as well as the specific energy amount
purchased from the main grid for every month of the year, helping to achieve the best
possible energy management within the micro-grid using battery storage systems.
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5. Discussion

Sizing a micro-grid and a battery system for a residential application is not a straight-
forward exercise, especially if environmental criteria are considered over the system’s
lifecycle. As it became apparent from this study, from the results obtained, it can be con-
cluded that the total carbon emissions may vary significantly, depending on the battery
type used.

Regarding case study I, it is noticed that the total system’s carbon emissions over
its lifetime are 4,809,008.95 (kg). The carbon emissions are increased mainly because of
the short lifetime and the greater number of replacements of the lead–acid batteries. In
fact, it is necessary to replace them about seven times within the 30 years of the system’s
lifecycle, which contributes quite drastically to carbon emissions. For that reason, and
mainly due to increased carbon emissions at the batteries’ production stage, this option
is not a preferrable one, compared to alternative battery types. Additionally, it is worth
noticing that even if the increased carbon emissions are ignored, the lead–acid battery
capacity is not as effective as that of the lithium-ion batteries (83.13 compared to 100.36
kWh). This leads to a daily exchange of energy within the micro-grid reaching a maximum
of 40 (kWh) compared to almost 80 (kWh) in the case of lithium-ion batteries.

Moreover, in cases II and III, it can be concluded that the optimization results in almost
the same emissions and the same battery capacity for the system. A slight difference is
observed (369.84 kg) between NCA and NCM battery production emissions, due to the
different structure of materials used in the battery. Additionally, even if the energy demand
cannot be covered fully by the photovoltaics’ production, it is worth mentioning that the
energy imported is not increased significantly. This is a result of the batteries’ important
role in the energy management.

Additionally, it is of great importance to analyze the total emissions of a micro-
grid system without any kind of ESS whatsoever (case study IV) to compare it with the
aforementioned cases. As it can be concluded by case study IV, the total carbon emissions
of the system would be 871,069.82 (kg) in the case that no battery system was used. As a
result, the selection of lead–acid batteries seems to present very high carbon emissions,
not only compared to NCA and NCM batteries but also compared to the case in which
no battery at all is used in the system. Lithium-ion batteries seem to be the most feasible
option, as they result in a reduction of almost 60%, compared to the base case of energy
purchase from the main grid.

Finally, as it has been shown by the optimization, sizing a micro-grid’s energy storage
system can be supported by a tool such as the one presented. Simultaneously, by managing
the energy flow within the micro-grid and minimizing the total emissions related to
different battery types of materials, the results regarding the batteries’ capacity can be
obtained.

6. Conclusions

The goal of this paper was to present and discuss the battery types most suitable for
RES systems such as PVs in residential applications, especially when storage is integrated
in micro-grids. The most suitable types of batteries were presented, namely lead–acid,
lithium-ion NCA and lithium-ion NMC batteries, with emphasis being given not only to
energy consumption and technical effectiveness but also to environmental aspects.

A decision-making tool was presented which supports the dimensioning of batteries
in micro-grid systems. The tool optimizes the carbon indicator along with the energy con-
sumption, taking into consideration the energy policies applied, the upcoming technology
of micro-grids and the state-of-the-art ESS technologies. The model tool is designed to
be flexible so as to consider the coverage of the electricity demand whilst simultaneously
optimizing battery dimensioning and type selection, taking into consideration the CO2
emissions over the system’s life cycle.

A case study was analyzed to demonstrate the tool’s applicability to small communi-
ties. The results of the case study demonstrated that not all batteries lead to environmentally
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acceptable solutions when storing PV produced electricity, since the need to replace bat-
teries frequently (in the case of lead–acid batteries) leads to an environmental impact that
offsets the benefits or renewable energy generation over the grid’s lifetime. On the other
hand, the types of lithium-ion batteries (NCA, NCM) are feasible choices.

From the analysis of the case study, it can also be concluded that the dimensioning
tool designed has achieved its goal. It can support the selection of the appropriate type of
batteries and the sizing, avoiding over dimensioning, which can lead to cost-ineffective
solutions, whilst minimizing carbon emissions. Furthermore, electricity sharing between
residences may result in the avoidance of electricity purchased from the main grid, because
the interchange at peak demand periods can be fulfilled by electricity stored within the
micro-grid. Additionally, further research is needed in order to develop the proposed
tool so it can be used to increase the number of residential and non-residential buildings,
taking into consideration more parameters in the decision-making process such as climate
conditions, cost indicators and other emissions besides CO2. Future research could also deal
with different types of renewable energy fed into the micro-grid. Additionally, different
structures of grids could be added, extending the community to that of a mini-grid. Finally,
it would be worth researching the optimization’s results by altering both the electricity
selling and purchase prices.
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