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ABSTRACT The grid-connected photovoltaics (GCPV) systems are a sustainable alternative to the con-
ventional non-renewable electricity systems. However, GCPV systems create the many issues such as grid
overloading, demand and supply variations, and power quality issues. A key way to address such issues
is the integration of the effective energy storage technologies in GCPV systems. There are many storage
technologies which can be connected with GCPV systems. The integration of a proper storage technology
into the GCPV systemsmay provide a best alternative. This paper evaluates the different storage technologies
for GCPV systems using the analytic hierarchy process (AHP) approach. The goal of the AHPmodel was the
selection of the best storage alternative for GCPV systems based on themultiple criteria. The criteria included
the storage parameters as well as the parameters related to the compatibility with GCPV systems. The results
exhibited that the pumped hydro storage is the best alternative if all the storage and compatibility parameters
are equally desirable. However, if AHP model gives the highest preference to the criteria ‘‘integration
simplicity regarding renewable energy’’ and ‘‘geographic limitations’’, the several other storage technologies
achieve the higher rankings. Hence, the AHP model provides a greater flexibility to evaluate the different
storage technologies for GCPV systems under different circumstances.

INDEX TERMS Analytic hierarchy process (AHP), electrical power grid, environmental sustainability,
power flow balancing, power system planning, power system reliability, renewable energy, solar energy, PV.

I. INTRODUCTION
The conventional electricity generation involves the higher
inputs of the fossil fuels, resulting in the higher environmental
pollution [1]. The fossil fuels are the major sources of the
environmental pollution [2] as well as the key sources of
the electricity production in the world. Gradually, the fossil
fuels are depleting and the electricity demand is increas-
ing [3]. In addition, the scarcity of the fossil fuels results
in an increase in their prices [4]. As a result, many com-
munities in many countries are unable to satisfy the full
electricity demand from their national grids [5]. Moreover,
the share of the sustainable and renewable power is very
low in the national grids [6]. For instance, the share of
the renewable energy (excluding hydropower) in Pakistan is
approximately 2% [7]. In contrast, the share of the renewable
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energy (including hydropower) in Bangladesh is 3% [8].
To overcome the above challenges, the grid-connected solar
photovoltaics (GCPV) systems are offering the endless
and clean power supply to consumers and the national
grids. The photovoltaics (PV) systems are gaining a sig-
nificant importance due to the remarkable solar energy
potential and the technological advancements [9]. Besides,
the economic viability of PV systems has been appreci-
ated by many countries [10] such as Nigeria [11] and
Ethiopia [12]. In contrast to the off-grid PV systems,
GCPV systems offer the storage of the extra PV power
into the utility grid [13]. In addition, the integration
of the other storage technologies into GCPV systems is
more cost effective than off-grid systems. For instance,
Reference [14] studied a grid-connected PV system with
battery storage and concluded that the proposed sys-
tem offers the remarkable cost savings related to off-grid
system.
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The GCPV system consists of the photovoltaics (PV) mod-
ules, connection with a utility grid, and consumer loads. The
PV modules generate the highly fluctuating output that is
not suitable for consumer usage and the grid export [15].
To overcome this challenge, the electricity is sold to the utility
grid during the peak PV generation times and it is purchased
from the utility grid during the off-peak times. However,
the grid may be unable to provide the required electricity
at off-peak times or the higher feed-in of PV into the utility
grid may cause the grid overloading [15]. In such situations,
a proper storage system provides the many benefits such as
PV variability management [16], stabilization of the power
system [17], storage of excessive electricity [18], additional
inventory for the times of electricity shortage at the utility
grid [19], reduction of electricity procurement from the utility
grid [20], load management flexibility, and solutions to the
power quality issues [21]. Hence, the proper storage technolo-
gies will be the integral components of the future grids.

The existing literature regarding GCPV systems prefers
the battery storage in the industrial and residential commu-
nities due to the advantages such as high modularity [22],
compactness, integration simplicity, construction simplicity,
safety [23], and power regulation [24]. However, the battery
storage technology has been identified as a costly option [25].
For instance, Reference [26] evaluated the economic viability
of a GCPV system with battery storage and concluded that
the proposed system is not profitable without the financial
support. The high cost issue may be a key hurdle in the adop-
tion of the renewable energy based power systems. In this
context, only a few criteria (e.g. cost or modularity) should
not be a sole reason to accept or reject a storage technology.
The decision making should contain all the key quantitative
and qualitative criteria. A good storage technology should
retain the acceptable storage parameters in addition to the
compatibility with GCPV systems.

Historically, only the quantitative factors, such as cost and
time, were the focus of the decision making. Many important
issues were ignored in the decision making. The elimination
of some important quantitative and qualitative factors may
lead to the improper decision making. For instance, the opti-
mal and exact solution based only on the cost may not be
an acceptable solution if other more important criteria have
been ignored. The selection of the storage systems in the
grid connected power systems is a complex decision making
process which should include all the important qualitative
and quantitative factors. Multi-criteria problem with many
quantitative and qualitative criteria may not be solved based
on the simple optimization. The single criterion decision
making methods cannot solve many conflicting objectives
efficiently. To solve such problems, the multiple criteria deci-
sion making (MCDM) methods can be used. This paper used
AHP (analytic hierarchy process) method which is an exten-
sively used technique for solvingMCDM problems. AHP is a
heuristic algorithm which provides the approximate solution
of the problem. Hence, the solution optimality is not guar-
anteed. However, the achievement of the exact solution of

the problems with many qualitative and quantitative criteria
is very difficult. In this case, heuristic methods provide the
approximate solution. Recently, the storage selection for the
GCPV system is a strategic decision in which approximate
solution based on all the important criteria will provide a good
information for the decision making.

The present paper solves the multi-criteria storage selec-
tion problem using AHP approach. AHP method has been
used for numerous projects with high cost. For instance,
there are 56,000 deficient bridges in the United States, which
require a considerable investment. Due to budget constraints,
it is not possible to repair every bridge. Reference [27] used
AHP method to prioritize those deficient bridges using four
intangible criteria including safety, serviceability, comfort,
and resiliency. The model assigned the highest preference to
the criterion ‘‘safety’’. In the multi-criteria decision making
literature, AHP approach has been used in the numerous
applications such as selection of PV plant location [28],
selection of renewable energy resources for the power sys-
tem [29], and the evaluation of energy technologies [30].
The many papers used AHP approach for the decision mak-
ing in the power system problems, such as site selection
for power plants [31], the evaluation of renewable energy
resources [32], and the evaluation of PV systems [33]. For
instance, Reference [34] used AHP method to evaluate the
renewable energy resources in the developing countries.
It was concluded that the hydro energy resource is the best
alternative. However, this priority was changed based on the
technological advancements and geographical locations.

AHP approach is a structured and proven approach for
complex decision making, which allows the integration of
the qualitative and quantitative data [35]. The present paper
implements the AHP model in Super Decisions software.
AHP method was developed by Thomas L. Saaty. His
team created Super Decisions software to implement AHP
method due to the complexity of AHP method. Hence,
the proposed software facilitates the quick implementation
of the AHP method. This software has been used to solve the
various AHP models. For instance, Reference [36] applied
AHP method in super decisions software for the selection of
the best standalone renewable energy system in South Sudan.
The results indicated that the PV system has a first priority
at all the selected locations in South Sudan. In the existing
literature, no study evaluated the different storage technolo-
gies for the GCPV systems using AHP approach. Hence,
the present paper used AHP method to evaluate the differ-
ent storage systems for the GCPV systems based on the
various criteria and circumstances. This paper evaluates the
different storage technologies in the GCPV systems based
on the multiple criteria. These multiple criteria included the
eight quantitative storage parameters and six qualitative fac-
tors related to the compatibility with GCPV systems. The
eight quantitative criteria are the frequently listed parameters
in the literature. The compatibility factors included the six
criteria and 15 sub-criteria for important issues related to
GCPV systems with storage.
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II. GCPV MODELS WITH STORAGE
In an effort to identify a proper storage technology for
the GCPV systems, many papers evaluated the differ-
ent storage technologies which can be integrated into the
GCPV systems. This section summarizes the results of the
existing literature related to the GCPV models with storage
technologies.

A. GCPV SYSTEMS WITH BATTERY STORAGE
Most of the research used the battery storage technologies
in the modeling of the GCPV systems [37]. The exten-
sive use of the battery storage technologies in PV systems
is due to the advantages such as the easy availability and
integration [38]. In many countries, PV owners are increas-
ing self-consumption through the battery storage technolo-
gies [39]. Previously, these countries motivated PV owners
for the electricity sharing with utility grids through the incen-
tives such as feed-in-tariff. Gradually, these incentives are
decreasing for the grid-connected renewable energy based
power systems, resulting in more self-consumption [40]
and less grid import due to an increase in the electricity
prices [41]. To study GCPV systems, many researchers have
evaluated GCPV system with battery storage. For instance,
Reference [20] proposed a GCPV systemwith battery storage
to determine the optimal sizing of PV system and battery
storage. They proposed a feed-in tariff policy which resulted
in the 79.8 megawatt-hour PV power import from the utility
grid but only 1.55 megawatt-hour export to grid. Hence,
a proper battery storage capacity can decrease the power
export to the grid and increase the self-utilization of PV.
Battery storage technologies are providing the benefits in
many other ways. For example, Reference [24] suggested
that the time-of-use rate offers the more economical adoption
of the PV system with battery storage than flat rate. Also,
Reference [42] evaluated a grid-connected system in which a
residential PV owner with battery storage shared PV power
with a commercial PV owner. They achieved the daily cost
savings between 31% and 81% with reference to using only
the utility grid.

The small scale and large scale PV systems with battery
storage may provide different outcomes. The battery stor-
age systems can be used in the high voltage requirements
in the GCPV [43]. Reference [44] evaluated an optimiza-
tion model to identify the factors affecting the profit of the
grid-connected, battery assisted residential PV configurations
in Germany. They concluded that these configurations are
not profitable for small scale systems. However, these may
become more attractive if the cost of PV installations and
storage systems becomes lower. They suggested that these
configurations may be profitable if larger PV systems are
combined with proper size of storage systems. However,
it is evident that the grid-connected large PV plants with
heavy battery storage system are also costly. For instance,
Reference [45] simulated the integration of 1 MW/ 2MWh
Li-ion battery system with a grid connected 10 MW
PV plant. In the proposed configuration, the batteries were

used to store extra energy during higher PV output and they
discharged the energy to grid during off-peak PV genera-
tion. The battery system was connected to a grid through an
inverter. The results showed that the battery storage system
may not be feasible for the proposed system. In this case, bat-
tery storage systems require more incentives to promote the
PV systems.

Many scholars have reported the various advantages of
the battery storage in the GCPV systems such as quality,
stability, [46] reliability [47], demand and supply balance,
and power reserve [48]. Also, many scholars have reported
the high cost of the battery storage technologies. Many
GCPV models with battery storage have concluded that the
integration of the battery is expensive due to the high stor-
age costs such as the battery replacement and maintenance
costs. For instance, Reference [49] concluded that the battery
storage in the PV systems is expensive than grid export. For
example, Reference [50] evaluated the optimal power flow
between PV plant, grid, batteries, and consumer demand.
The objective was to minimize the electricity bill. They con-
cluded that the proposed system is not the cost effective
due to the high cost of the battery replacement costs but
it may be cost effective in future if the electricity prices
increase. Hence, the battery replacement cost is unacceptable
even if the batteries do not store electricity for the utility
grid. In contrast, the battery storage has increased the self-
consumption of the PV system owner as discussed above.
For instance, Reference [51] performed the cost analysis of a
grid-connected residential PV with battery storage size opti-
mization. To increase the self-consumption of the residential
load, the PV power was exchanged with grid only after the
battery became full or empty. The results revealed that the
storage cost is higher, and these systems can be promoted
through the proper incentives. It was found that the GCPV
without battery storage is more economical than the battery
storage. It was also concluded that the lithium ion battery
storage is more economical than lead-acid storage due to the
fact that the lead-acid batteries involve the more number of
replacements. In another study related to the GCPV, it was
concluded that the battery storage cost was more than the
grid related costs and benefits. The study highlighted that
the inclusion of the battery system may be more preferable
in future if the capital and maintenance costs related to
batteries decrease continuously. Hence, the battery storage
system seems an immediate solution in case of unattractive
feed-in tariff, less pricing benefits from national grid, and
continuous decrease in the battery cost [52]. For instance,
Reference [53] proposed an optimizationmodel of PV system
with grid connection. They revealed that the battery storage is
preferable if the feed-in tariff becomes unattractive. In addi-
tion, with an increase share of the renewable electricity,
the benefits associated with national grid may be decreased
in future [49]. Recently, the integration of the battery storage
into the residential GCPV systems seems uneconomic [54].
Hence, alternative strategies are required to accelerate the
utilization of renewable resources.
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B. GCPV SYSTEMS WITH PUMPED HYDRO STORAGE
Many mathematical and simulation models used the pumped
hydro storage in the GCPV systems. These models suggested
that the GCPV systems with pumped hydro storage offer a
reliable storage technology for the proposed systems [55].
Reference [5] optimized a grid-connected system involving
PV system, pumped storage, and a farming load. In the pro-
posed system, the PV electricity served mainly to a farming
load. The excess PV electricity pumped the water towards
an upper reservoir. This stored water was used to generate
electricity at the times of PV shortage. The pump and farming
load obtained the electricity from grid when the price of grid
electricity was low. It was concluded that the proposed system
minimized the power import from utility grid in addition to
the cost savings. Hence, the pumped storage works as both
electricity generator and the storage technology. In addition,
this system provides cost saving through the minimization of
the grid electricity import. Similarly, Reference [56] simu-
lated a grid-connected PV scheme with pumped hydro stor-
age (PHS) for a farmhouse. They concluded that the pumped
hydro storage has significantly reduced the yearly electricity
cost. The GCPV system with pumped hydro storage has two
sources of electricity generation, resulting in less import from
the utility grid. Also, Reference [57] presented a GCPV with
pumped hydro storage. The excess PV generation was used
for water pumping to upper reservoir or for selling to the
utility grid. At the times of little or no PV generation times,
the load was satisfied by the pumped system or grid. They
optimized the electricity purchased from grid to minimize the
operation cost. They concluded that the daily operation cost
for load satisfaction by only grid power is 70.7 $ when the
PV is not available. In contrast, this cost is 33.3 $ for the
PV system with pumped storage. Reference [58] proposed
an optimization model to minimize the grid power using
time-of-use tariff in a GCPV systems with pumped hydro
storage. The proposed system resulted in the remarkable
cost savings with reference to the grid power. Hence, GCPV
systems with pumped hydro storage offer the remarkable
cost savings compared with the electricity from utility grid.
Reference [59] evaluated the feasibility of the grid-connected
PV system with lithium-ion battery and pumped hydro
storage. It was concluded that the pumped hydro storage
has an optimal configuration and the battery storage was
costly.

In the pumped hydro storage, the energy is stored as the
potential energy as a result of water pumping from lower to
upper reservoir [57]. Hydro storage is a long term solution
to stabilize the GCPV system. This system requires a higher
investment but these investments can be recovered in the long
term [58]. Pumped hydro storage involves the geographic
restrictions related to the water availability, land availability,
and geographical height [57]. Hence, it can be implemented at
specific places such as farm houses with a reasonable amount
of water [60]. The geographical limitations or the location
issues associated with pumped storage system may decrease
its priority.

C. GCPV SYSTEMS WITH SUPERCAPACITOR AND
FLYWHEEL STORAGE
The hybrid battery-supercapacitor storage technology can
be used to balance the power flow in the GCPV systems.
For instance, Reference [61] simulated a GCPV with hybrid
battery and supercapacitor storage. In the proposed system,
the storage devices were used between the PV and grid.
The supercapacitors were used to reduce the stress level of
batteries and increase the battery lifetime. The hybrid storage
technology successfully supplied the smooth power from
PV system to the utility grid. Reference [62] simulated the
power fluctuations for a GCPV system using hybrid storage
technology with the battery and supercapacitor. The results
exhibited that the hybrid storage technology decreased the
power fluctuations in the GCPV. Hence, the voltage fluctua-
tion of PV system can be decreased with a storage technology
containing battery and supercapacitor. The battery storage has
a high energy density and supercapacitor storage has a high
power density [63]. As a result, the hybrid battery and super-
capacitor can decrease the power fluctuations in addition to
the battery life improvements [64]. In addition, the superca-
pacitors improve the frequency response of the battery stor-
age system [65]. Reference [66] evaluated a grid-connected
1 MW PV system with hybrid battery and supercapacitor.
They concluded that the proposed system performed better
than the alone battery or supercapacitor. The supercapacitor
reduces the charging and discharging cycles of battery, result-
ing in the extension of battery life [67].

The flywheel storage has been used as a short term power
storage to handle the PV fluctuations [68]. Reference [69]
highlighted that the flywheel storage provides the better per-
formance related to the power flow variations, quality, and
frequency control. Most of the research combined flywheel
with battery storage to improve the battery duration in the
GCPV systems. Flywheel storage is used to increase the
battery life [70]. Flywheels are considered as an ecofriendly
technology due to their recyclability and absence of chemi-
cals [71]. Flywheel storage performs peak shaving in GCPV
systemswith battery storage [72]. The combined effect of bat-
tery and flywheel involves the cost savings [73]. Integration
of flywheel storage offers 20% increase in battery life [74].

D. GCPV SYSTEMS WITH COMPRESSED AIR ENERGY
STORAGE
Usually, the small scale grid-connected systems are used to
reduce the electricity bills. In contrast, the large scale PV
plants provide the electricity to the large communities and
industries. Compressed-air storage has been recommended as
large scale storage in GCPV system [75]. There is a lack of
literature regarding the GCPV systems with compressed air
storage [76]. Reference [77] evaluated a 100 MWp GCPV
plant with compressed air energy storage. The proposed sys-
tem exhibited the 16% energy efficiency and payback time
of nine years. Hence, this storage technology can be used for
large scale PV plants. For instance, the super grids between
large distances may require the large scale PV plants with
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FIGURE 1. Storage technology integration with GCPV system.

large scale storage systems. In this regard, the large scale
storage technologies, such as the compressed air storage and
the hydrogen storage, may be recommended as long term or
seasonal storage.

E. GCPV SYSTEMS WITH HYDROGEN STORAGE
The battery storage is recommended as short-term storage but
hydrogen storage is recommended as long term or seasonal
storage. However, the hydrogen storage has a round-trip effi-
ciency of 35% which is very low than the battery storage
systems. Research has exhibited that batteries stored less
energy than the hydrogen storage. Reference [78] evaluated
a GCPV and found that the hydrogen storage decreased grid
fluctuations more than the battery storage. The hybrid battery
and hydrogen storage increases the stability in the GCPVs
with reference to only battery storage [79]. Hybrid battery
and hydrogen storage results in higher incomes.

Pumped hydro storage and compressed air storage are the
large scale energy storage technologies, but they have
the limited applications in the GCPV systems due to
the geographic constraints. In contrast, hydrogen storage
is a large scale energy storage technology without geo-
graphic constraints [80]. Hydrogen storage with fuel cells
offers the energy density of 3000 Wh/L, life cycle of
1000 cycles, discharge duration of 8 hours [81], and life time
of 20 years [82].’’

III. STORAGE INTEGRATION IN THE GCPV SYSTEMS
In the existing literature, it can be observed that the battery
storage technologies have been used frequently in the GCPV
models [83]. Hence, the battery storage looks the better
alternative for PV output [84]. For instance, Reference [85]
performed the dynamic simulation on a system containing PV
panels, battery storage, and hydrogen based storage for resi-
dential demand. In the suggested scheme, PV output charged
the battery and the excess power was converted into hydrogen
fuel. It was highlighted that the battery systems are more

suitable for PV than the hydrogen storage, pumped hydro,
and compressed air energy storage systems. Furthermore,
the round trip efficiency of the batteries is between 75-90%
while this efficiency is only 30% for hydrogen storage.
Hence, battery storage is a comparatively better system for
PV output than other types of storage technologies [86].
However, some literature reported the superiority of the other
storage technologies on the battery storage [78]. Hence,
the integration of other storage technologies must be consid-
ered for the possible integration into the GCPV systems. For
instance, the battery storage systems may be very costly for
the large scale GCPV systems, such as super grids.

Each storage technology has the many different char-
acteristics which affect the power systems. For example,
Reference [87] compared the different energy storage sys-
tems for a utility-scale GCPV system based on discharge
duration time, efficiency, life time, and cost. They high-
lighted that the small pumped hydro has the longest duration
of 8 hours, lithium ion batteries have highest efficiency
of 94%, flywheel has longest life time of more than
100000 cycles, and cost per kWh is comparable for the
pumped hydro, compressed air energy storage, and sodium
sulfur batteries. Hence, the decision making should consider
all the important characteristics for the selection of a compar-
atively better storage technology for GCPV systems. Hence,
this paper evaluates the different storage technologies in the
GCPV systems based on the multiple criteria including the
storage parameters and the factors related to the compatibility
with GCPV systems.

Figure 1 presents the concept of the storage technology
integration in the GCPV systems. Table 1 has been developed
based on the maximum values of the eight storage parameters
available in the existing literature. The data in Table 1 was
collected from research papers and other possible secondary
data available in the literature. Specifically, the parameters
for pumped hydro, compressed air, and sodium sulfur battery
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TABLE 1. Quantitative parameters of storage technologies.

were obtained from Reference [84]. Similarly, the param-
eters for flywheels and NiCd battery were obtained from
Reference [87]. The parameters for Lithium ion bat-
tery and flow battery (vanadium) were obtained from
Reference [88]. The data for supercapacitors was obtained
from Reference [89]. The data for Lead acid battery
and Zinc-Bromine (flow battery) was obtained from
Reference [90]. The data from these references was verified
between these papers as well as other secondary literature.
The maximum values or upper limits of all the parameters
were used in AHP model. Table 2 evaluates the qualitative
compatibility criteria based on the three assessment levels
including highly promising or experienced (H), moderately
promising (M), and least promising or infeasible (L). The
maximum qualitative compatibility criteria and the three
assessment levels were adapted from the Reference [91].
In addition, many other papers were reviewed for the miss-
ing data, specifically compressed air energy storage [92],
some qualitative items reference [93], supercapacitor-based
energy storage [94], pumped hydro energy storage [95], and
hydrogen storage [96]. The input data related to criteria
‘‘Geographic limitations’’ and ‘‘Toxic effects of storage tech-
nology’’ were included based on the evidence from the related
literature.

The environmental sustainability criteria should be
included into the decision making. The PV power is an
environment friendly technology and the storage technol-
ogy should also be the compatible with environment. For
the environmental sustainability, this paper gives the higher
preference to the three factors, specifically the lifetime
(in years), lifetime (in cycles), and the toxic effects of the
storage technology. The materials used for a storage system
cause pollution during the different stages of the product sup-
ply chain. The short lifetime causes the frequent production
of different materials. For instance, the battery utilization at

the grid level will accelerate the frequent manufacturing of
the required number of batteries. In contrast, the compressed
air and the pumped hydro involve the minimum replacement
of the related materials due to the more lifetime [82]. The
criteria ‘‘Toxic effects of storage technology’’ is also a major
environmental issue. For example, Lead acid and Nickel
Cadmium (NiCd) batteries contain very toxic heavy metals
including Lead and Cadmium.

The lithium-ion batteries are the less toxic than the
lead acid batteries. However, all the batteries produce haz-
ardous pollution during the manufacturing, use, and disposal
stages [97]. The pumped hydro and compressed air energy
storage involve the negligible toxicity compared with the
batteries [82]. Similarly, hydrogen storage has no disposal
issues related to the toxic pollutants [98].

IV. ANALYTIC HIERARCHY PROCESS (AHP) MODEL
This paper evaluates the different storage technologies for
GCPV systems using an analytic hierarchy process (AHP)
model. Figure 2 presents the complete hierarchy of the AHP
model. The symbols used in the hierarchy have been defined
in Table 1 and Table 2. The proposed AHP model used
the storage criteria in Table 1 and compatibility criteria
in Table 2. AHP model can be developed manually or in
the spreadsheets. However, it involves the time consuming
calculations. As a result, many software packages have been
developed to implement the AHP method. The present paper
used the software package ‘‘Super Decisions’’ to implement
the storage system selection model. This free software has
been used in many applications for the complex decision
making [99].

The mathematical theory [100] and the detailed algo-
rithm [101] of AHP method can be found in the rel-
evant literature. In the following, key steps have been
presented [102].
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TABLE 2. Qualitative factors related to storage compatibility with GCPV systems.

FIGURE 2. Hierarchy of the storage selection problem for GCPV system.

A. STEP 1. ORGANIZE THE PROBLEM INTO HIERARCHY
LEVELS
The hierarchy of storage selection in this paper includes
goal, level 1 criteria, level 2 criteria or sub-criteria,

and alternatives. Goal of the storage selection problem was
‘‘Select Best StorageAlternative for GCPVSystem’’. Level-1
criteria include eight storage parameters and six qualitative
compatibility criteria. Level-2 criteria or sub-criteria include
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FIGURE 3. AHP model in super decisions using only eight quantitative storage criteria.

15 sub-criteria. Alternatives include 11 storage technologies
presented in Table 1 and Table 2.

B. STEP 2. PERFORM PAIRWISE COMPARISONS
In this step, all the criteria, sub-criteria, and alternatives
are compared pairwise in a logical way to develop pairwise
comparison matrix. The elements within a particular hierar-
chy level are compared pairwise with respect to a specific
element in the immediate upper level. In super decisions
software, the quantitative factors were compared based on
the numerical values in Matrix mode (Figure 7) and the
qualitative factors were entered in the Questionnaire mode
(Figure 8). To covert the qualitative judgment to the numerical
values, the ‘‘1’’ represented the equally important and the
‘‘9’’ represented the extremely more important as specified in
AHP method. In the present paper, Level-1 criteria were pair-
wise compared with respect to goal node. Also, the Level-2
criteria or sub-criteria were pairwise compared with respect
to each linked criterion in the Level-1. Finally, alternatives
were pairwise compared with respect to each criterion in
Level-2 criteria or the Level-1 criteria whichever is directly
attached with alternatives. The eigenvectors are calculated
based on the comparison matrix.

C. STEP 3. PERFORM THE CONSISTENCY TEST
The inconsistency in the pairwise comparisons must be calcu-
lated. The maximum inconsistency is recommended as 10%.
In the present model, inconsistency was considerably lower
than 0.10 for each pairwise comparison. Finally, AHPmethod
constructs the pairwise matrix and the ranking of alternatives
is made. In AHP method, the consistency test identifies the
errors in the judgement matrix. If the consistency ratio is

more than 0.10, the pairwise comparisons must be revised
trough the collection of the additional information about the
judgements. Reference [99] includes a thorough description
about the importance and implementation of the consistency
test with reference toAHPmethod and the proposed software.

D. STEP 4. DETERMINE THE PRIORITIES OF
ALTERNATIVES AND PERFORM SENSITIVITY ANALYSIS
In this step, the alternatives are ranked by aggregating the
relativeweights in the hierarchy. Finally, this paper performed
the sensitivity analysis of the AHP model.

V. RESULTS AND DISCUSSION
This section evaluates the different storage technologies for
GCPV systems using AHP method. The proposed AHP
model offers the evaluation of the numerous cases. However,
this paper presents the results for only the seven different
cases.

A. CASE 1. ALL THE STORAGE PARAMETERS ARE EQUALLY
PREFERABLE
In this case, only the eight quantitative storage parameters
were included from Table 1 (Figure 3). In this case, the qual-
itative compatibility criteria were not included. In this case,
all the eight quantitative storage parameters were given the
equal priority for the pairwise comparisons between these
parameters with respect to goal. The pairwise comparisons
between all the 11 storage alternatives were derived from
the real data in Table 1. For example, the pumped hydro
storage has the life time of the maximum 60 years and the
compressed air storage has the life time of the maximum
40 years. Here, the pumped hydro storage is 1.5 times more
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preferable than the compressed air storage. This comparison
value was entered into super decisions software using Matrix
mode (Figure 7).

Figure 4 presents the AHP model results obtained in the
Super Decisions software based on the Case 1. In the Case 1,
the pumped hydro storage obtained the first priority. The
hydrogen storage received the second priority. It can be
interpreted that the hydrogen storage is 67% as good as
the pumped hydro storage. Similarly, the flywheel storage
is 57% as good as the pumped hydro storage. In this case,
the NiCd battery received the least priority. Also, all the
batteries achieved inferior ranking comparedwith the remain-
ing technologies. The pumped hydro storage gained the first
priority, which suggests that this storage technology may face
the overall less challenges compared with the other storage
technologies.

FIGURE 4. Case 1. All the storage parameters are equally preferable.

In Figure 4, column ‘‘Raw’’ is achieved from Limit Super-
matrix in Super Decisions software. The columns ‘‘Normals’’
and ‘‘Ideals’’ are derived from the column ‘‘Raw’’ as
explained in the literature [99]. The values in the Raw, Nor-
mals, and Ideals columns are computed within the Super
Decisions software. The limit supermatrix is the final matrix
which shows the preferences of each criteria. The values in
column ‘‘Raw’’ are directly obtained from the limit superma-
trix. It is somewhat difficult to interpret the results contained
in column ‘‘Raw’’. Alternatively, column ‘‘Normals’’ and
‘‘Ideals’’ interpret the priorities more clearly than column
‘‘Raw’’. The values in the column ‘‘Normals’’ are normal-
ized values obtained through dividing each value in column
‘‘Raw’’ by the sum of all the values in column ‘‘Raw’’.
Sum of all the values in column ‘‘Normals’’ becomes equal
to 1. Hence, column ‘‘Raw’’ shows the exact weight of each
result. The column ‘‘Ideals’’ is obtained through dividing
each value in column ‘‘Raw’’ by the largest value in column
‘‘Raw’’. In columns ‘‘Ideal’’, the best alternative shows the
first priority. Hence, the values in the Raw, Normals, and
Ideals columns are different ways of presenting the results
of the model. In this paper, the interpretation of the results
has been explained based on column ‘‘Ideals’’.

B. CASE 2. ALL THE STORAGE PARAMETERS AND
COMPATIBILITY CRITERIA ARE EQUALLY PREFERABLE
In the Case 1, only eight quantitative storage criteria were
included from Table 1. However, the compatibility criteria
must be included for the more valid and rational decision
making. From Case 2 to Case 6, the AHP model has been
extended to include the qualitative factors related to the com-
patibility of the storage technologies with GCPV systems
(Figure 5). In Figure 5, the eight quantitative storage criteria
(i.e. Criteria1 to Criteria8) have been minimized at the upper
left corner of the AHP model.

In the Case 2, the eight storage criteria and all the com-
patibility criteria were given the equal preferences in Super
Decisions software. The priorities for all the 11 storage alter-
natives were derived from the real data from Table 1 and
Table 2. In Super Decisions software, the pairwise compar-
isons between the qualitative factors (Table 2) with level ‘‘H’’
and level ‘‘M’’ were made as strongly (i.e. five times) more or
less preferable, as per AHP method rules. Also, the pairwise
comparisons between factors with level ‘‘H’’ and level ‘‘L’’
were made as extremely (i.e. nine times) more or less prefer-
able. Similarly, the pairwise comparisons between factors
with level ‘‘M’’ and level ‘‘L’’ were made as strongly (i.e. five
times) more or less preferable. For instance, Figure 8 presents
the Questionnaire mode for pairwise comparison between
storage alternatives for sub-criteria ‘‘seasonal storage’’.

Figure 6 presents the AHP model results obtained in
the Super Decisions software based on the Case 2. In the
Case 2, the pumped hydro storage obtained the first priority.
The rankings for remaining alternatives were same as in
Case 1. However, the overall superiority of these remaining
technologies increased with respect to pumped hydro stor-
age, which can be observed by comparison of AHP results
in Figure 4 and Figure 6.

C. CASE 3. CAPITAL COST IS EXTREMELY MORE
PREFERABLE
In the Case 3, the Case 2 was modified in such a way
that the criteria ‘‘capital cost’’ was considered the extremely
more preferable than all other criteria with respect to goal.
In Case 3, all the other quantitative and qualitative criteria,
except ‘‘capital cost’’, were given the equal preferences in
pairwise comparison with respect to goal. Figure 9 presents
the AHP model results obtained in the Super Decisions soft-
ware based on the Case 3. In the Case 3, flywheel storage
gained the first ranking and the supercapacitor gained the
second ranking. However, only flywheel and supercapacitor
cannot accommodate the highly fluctuating PV power. In this
case, the lead acid batteries and pumped hydro storage can
be combined with flywheel or supercapacitor. Other batteries
look expensive in addition to the low rankings based on other
qualitative and quantitative criteria.

D. CASE 4. ENERGY DENSITY IS EXTREMELY MORE
PREFERABLE
In the Case 4, the Case 2 was modified in such a way that
the criteria ‘‘energy density’’ was assigned the extremely
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FIGURE 5. AHP model in super decisions using eight quantitative criteria and various qualitative criteria/sub-criteria.

FIGURE 6. Case 2. All the storage parameters and qualitative
compatibility criteria are equally preferable.

more preferable than all other criteria with respect to goal.
In Case 4, all the other quantitative and qualitative criteria,
except ‘‘energy density’’, were given the equal preferences in
pairwise comparison with respect to goal. Figure 10 presents
the AHP model results obtained in the Super Decisions soft-
ware based on the Case 4. In the Case 4, hydrogen storage
gained the first priority due to its highest energy density.
Also, flywheel storage gained second priority and pumped
hydro obtained third priority. It can be noted that the pumped
hydro storage has very low energy density but it obtained third
ranking even if we gave extreme importance to the energy
density.

E. CASE 5. ENVIRONMENTAL SUSTAINABILITY IS
EXTREMELY MORE PREFERABLE
In the Case 5, the Case 2 was modified in such a way that the
priorities were set as follows.

• Three criteria ‘‘lifetime (in years), lifetime (in cycles),
and the ‘‘toxic effects of storage technology’’ are
extremely more preferable than all the other criteria in
pairwise comparisons with respect to goal. These three
criteria are equally important or preferable in pairwise
comparisons with respect to goal.

• All the remaining quantitative and qualitative criteria
have the equal preferences in the pairwise comparison
with respect to goal.

• The alternatives are pairwise compared using real data
in Table 1 and Table 2.

Figure 11 presents the AHP model results obtained in the
Super Decisions software based on the Case 5. In the Case 5,
the supercapacitor storage gained the first priority. However,
pumped hydro and flywheel storage also gained the results
very close to the supercapacitor. Batteries exhibited inferior
rankings. It can be interpreted that the batteries seem worst
storage technologies if the environmental sustainability crite-
rion is given extreme preference on all the remaining criteria.
The results from the Case 5 suggest that the combinations of
pumped hydro, compressed air, flywheel, and supercapacitor
may provide a sustainable alternative for the GCPV systems.
However, pumped hydro and compressed air storage have the
issues of integration difficulties and geographic limitations.
Hence, Case 6 includes these criteria in the decision making.

F. CASE 6. GEOGRAPHIC LIMITATIONS AND INTEGRATION
SIMPLICITY ARE EXTREMELY MORE PREFERABLE
In the Case 6, the Case 2 was modified in such a way that the
criteria ‘‘integration simplicity regarding renewable energy’’
and ‘‘geographic limitations’’ were considered the extremely
more preferable than all the other criteria with respect to goal.
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FIGURE 7. Super decisions software window displaying Matrix mode for pairwise comparisons and consistency results.

FIGURE 8. Super decisions software window displaying Questionnaire mode for pairwise comparisons.

In the Case 6, the flywheel, supercapacitor, and most of the
batteries obtained the higher rankings than the pumped hydro
storage and compressed air storage (Figure 12). In the exist-
ing literature, the most of the GCPV models used the battery
storage technologies. The ‘‘integration simplicity regarding
renewable energy’’ and least ‘‘geographic limitations’’ may
be a key reason for the frequent use of the battery technologies
in the GCPV system. In addition, the availability of a range
of batteries may be a reason of the frequent use of the battery
technologies in the GCPV system.

It is evident that the battery storage systems will remain
expensive in the coming decades. In order to increase the
share of the renewable energy resources, there is a need

to take the revolutionary steps such as the frequent inte-
gration of the other storage systems. For instance, the
large scale pumped hydro storage are widely used tech-
nology in the world. The integration of the small and
medium sized pumped hydro storage systems may revolu-
tionize the grid-connected PV systems [103]. In addition,
the literature has reported the effectiveness of the combi-
nation of different storage systems. For example, the fly-
wheels and supercapacitors have been used with the battery
technologies in the GCPV system. Moreover, the combi-
nation of battery storage with pumped hydro storage can
decrease the electricity cost of the grid connected power
systems [104].
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FIGURE 9. Case 3. Capital cost is extremely more preferable.

FIGURE 10. Case 4. Energy density is extremely more preferable.

FIGURE 11. Case 5. Environmental sustainability is extremely more
preferable.

G. CASE 7. CRITERIA ‘‘POWER FLOW BALANCING’’,
‘‘POWER SYSTEM RELIABILITY’’, AND ‘‘STORAGE FOR
LATER USE’’ ARE EXTREMELY MORE PREFERABLE
In the proposed hierarchy, the three criteria including ‘‘power
flow balancing’’, ‘‘power system reliability’’, and ‘‘storage
for later use’’ cover the most important sub-criteria which
are the integral parts of a power system. These factors ensure
the compatibility of a storage system with the grid connected
power systems. In the Case 7, these three criteria have been
given the extreme preference with respect to all the remaining
criteria.

Figure 13 presents the results based on the Case 7. It can
be observed that the lithium ion battery has obtained the first
priority. The pumped hydro and flywheel storage obtained
the next priorities. Then, the lead acid batteries exhibited

FIGURE 12. Case 6. Geographic limitations and integration simplicity are
extremely more preferable.

FIGURE 13. Case 7. Criteria ‘‘power flow balancing’’, ‘‘power system
reliability’’, and ‘‘storage for later use’’ are extremely more preferable.

the good ranking. The flow batteries and Zinc-Bromine flow
batteries obtained the least preferences. Hence, lithium ion
battery may be a competitive storage alternative for the grid
connected power systems. However, if the decision maker
wishes to include some other important criteria into decision
making, the final ranking may change.

VI. SENSITIVITY ANALYSIS
This paper tests the validity and robustness of the results
through the sensitivity analysis. In AHP method, sensitivity
analysis studies the effects of criteria changes on the alterna-
tive solutions. Super decisions software provides the sensi-
tivity analysis feature. In this feature, the sensitivity analysis
evaluates the effect of changes in the weights of the criteria on
the results. The weight of the criteria represents the priority
of criteria. This paper performed sensitivity analysis of AHP
model by changing the weights of criteria and sub-criteria.

The sensitivity analysis exhibited that the large input vari-
ations in weights of criteria did not affect the final decision.
We consider the level-1 criteria in the Case 2 in which sensi-
tivity analysis exhibited no change in the final decision about
storage selection. However, a few qualitative factors with very
close values of output changed the priority. Also, the level-2
criteria did not exhibit the change in the final decision based
on the input variations. For instance, the priority of the criteria
‘‘power fluctuation suppression’’ is presented on x-axis and
the priority of alternatives is presented on y-axis in Figure 14.
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FIGURE 14. Sensitivity analysis for criteria ‘‘Power fluctuation suppression’’ with respect to alternatives.

Vertical line is used to set the priority of criteria. First, the cri-
teria ‘‘power fluctuation suppression’’ was given the 50% pri-
ority. Then, the priority was gradually increased to 60%, 70%,
80%, 90%, and 100%. In all cases, the pumped hydro storage
remained the final selection. However, at 63% priority of
‘‘power fluctuation suppression’’ the priority of compressed
air storage changed from 5th ranking to 6th ranking. In this
case, lithium ion battery achieved the 5th ranking. Gradually
increasing the priority of ‘‘power fluctuation suppression’’
to 86%, the priority of compressed air storage changed to
7th ranking. In this case, lithium ion battery achieved the
5th ranking and the lead acid battery occupied the 6th ranking.
This ranking did not alter until 100% priority of ‘‘power
fluctuation suppression’’. Hence, the lithium ion battery may
be preferable on the compressed air storage. This change of
rankings was due to the fact that the compressed air storage,
lithium ion battery, and lead acid battery obtained very close
values of results. However, this trend was observed for a
few criteria in which alternative results are very close to
each other. For most of the criteria, the results remained very
stable. Therefore, it can be concluded that the results are very
stable and robust.

VII. CONCLUSION AND FUTURE RESEARCH
This paper presents a storage selection method based
on the analytic hierarchy process (AHP) approach for
the grid-connected photovoltaics (GCPV) systems. The
AHPmodel incorporates the eight quantitative criteria related
to the primary characteristics of storage and the various
qualitative criteria related to the compatibility with GCPV
systems. The results provide various insights based on the
secondary data used in this paper.

When the AHP model included only the eight quantitative
storage criteria and these criteria were assigned the equal
preference, the pumped hydro storage received the first pri-
ority and the hydrogen storage received the second priority.
In this case, batteries offer a poor alternative (Case 1). In the
next trials, the AHP model included the eight quantitative
storage criteria as well as all the qualitative compatibility
criteria (Case 2 to Case 6). In these trials, if all the quantitative
and qualitative criteria were given the equal preference, the
pumped hydro storage received the first priority (Case 2).
However, the performance of the remaining technologies
improved. In the next trial, the criteria ‘‘capital cost’’ was
given extreme preference in pairwise comparison with other
criteria with respect to goal (Case 3). In this case, it can be
suggested that the combinations of flywheel and superca-
pacitor with lead acid batteries and pumped hydro storage
seem economic. However, the remaining batteries obtained
worst rankings. In the next trial, the criteria ‘‘energy density’’
was given the extreme preference in the pairwise comparison
with other criteria with respect to goal (Case 4). In this case,
hydrogen storage gained the first priority. Then, the next trial
included the environmental sustainability into AHP model
(Case 5). In this case, the supercapacitor, pumped hydro, and
flywheel storage gained the good rankings.

In the Case 5, the batteries exhibited the inferior rank-
ings. It can be interpreted that the batteries seem worst stor-
age technologies if the environmental sustainability criterion
is given extreme preference on all the remaining criteria.
The results from this case suggest that the combinations of
pumped hydro, compressed air, flywheel, and supercapacitor
may provide a sustainable alternative for the GCPV sys-
tems. In the next trial (Case 6), the ‘‘integration simplicity
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regarding renewable energy’’ and ‘‘geographic limitations’’
were extremely preferred with respect to goal. In this case,
many storage technologies gained the ranking better than
the pumped hydro and compressed air. In this case, most
of the batteries obtained good results. In Case 7, criteria
‘‘power flow balancing’’, ‘‘power system reliability’’, and
‘‘storage for later use’’ were given highest preference on the
other criteria. In this case, the lithium ion battery obtained
the highest ranking. These results confirm the findings of
the existing literature in which the battery storage has been
used frequently in the GCPV systems. The pumped hydro
storage and compressed air may not be frequently used in
GCPV systems due to the lower geographic limitation and
less integration simplicity. The flywheel and supercapacitor
storage obtained an excellent rank for the integration into
GCPV system. However, the flywheel and supercapacitor
storage offer a short term solution for the power fluctua-
tions. The flywheel storage and supercapacitor can be used
with other storage technologies to increase the effectiveness
of storage system. However, the literature concludes that
the integration of battery storage technologies is a costly
option. Therefore, this paper suggests the extensive research
on the integration of the alternative storage technologies,
such as pumped hydro, compressed air, and hydrogen, in the
GCPV systems.

The proposed AHP model offers the flexibility to eval-
uate the storage technologies for the grid-connected power
systems under numerous circumstances. For instance, future
research may give the different priorities to the certain pri-
mary storage characteristics based on the requirements. Also,
the qualitative criteria related to the compatibility can be
modified based on the grid types such as microgrid, super
grid, and any other power network. This paper performs the
decision making based on 11 quantitative criteria, six quali-
tative factors/criteria, and 15 qualitative sub-criteria. Future
research may use many other criteria and sub-criteria into
AHP model according to the requirements. The increase or
change of qualitative factors will change the decision making
outcomes. Future research may combine different storage
technologies in AHP model for the storage system selection.
This paper included only those storage technologies that have
been addressed in the existing literature related to GCPV
systems. Future research may include other important storage
technologies, such as power-to-gas storage (P2G).

In AHPmethod, the eigenvalue method is used to calculate
the priorities of the alternatives. The eigenvectors obtained
from the pairwise comparison metrics are not the Pareto opti-
mal. However, AHP provides a good approximation for the
decision making. Future research may modify the traditional
AHP method to test the Pareto optimality of the solution
obtained in the proposed storage selection model [105].

Future work may study the multi-criteria storage selec-
tion decisions in different ways such as utilization of
other possible software/methods, integration of other opti-
mization methods into AHP, and evaluation of other
MCDM methods.

The proposed model has not been specified for a specific
size of PV system. Future work may develop several mod-
els for each size and type of PV system. For this purpose,
the most important parameters can be identified related to
the compatibility of the storage systems with the required
PV system. The different PV systems may have some dif-
ferences in the storage system requirements. For example,
the large scale PV system requires a large storage capacity.
In this case, the storage capacity will be incorporated into the
selection criteria and the storage capacity will be given the
more preference in the model. Similarly, there may be many
other parameters which should be included into the model
depending on the size and type of PV systems.

This method can be adopted for other intermittent renew-
able energy based power systems such as grid connected
wind power systems. For the identification of the storage
parameters, this paper focused on the literature related to the
grid-connected PV systems. Future workmay perform a com-
prehensive review of the grid connected wind power systems
in order to identify some additional parameters or factors
related to wind storage systems. However, the qualitative
factors used in the present paper can be used for the evaluation
of other renewable energy based systems with fluctuating
nature (e.g. wind power). Future work may perform the eval-
uation of the different storage systems for the different power
systems considering the different renewable energy resources
including wind power, wave power, and tidal power.
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