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Abstract-- With the increasing technological maturity 1 
and economies of scale for solar photovoltaic (PV) and 2 
electrical energy storage (EES), there is a potential for 3 
mass-scale deployment of both technologies in stand-alone 4 
and grid-connected power systems. The challenge arises in 5 
analyzing the economic projections on complex hybrid 6 
systems utilizing PV and EES. It is well known that PV 7 
power is of diurnal and stochastic nature, and surplus 8 
energy is generally available in midday during high 9 
irradiance levels. EES does not produce energy as it is not 10 
a conventional generator source. Commonly, the cost of a 11 
generating asset or the power system is evaluated by using 12 
Levelized Cost of Electricity (LCOE). In this paper, a new 13 
metric Levelized Cost of Delivery (LCOD) is proposed to 14 
calculate the LCOE for the EES. A review on definitions in 15 
LCOE for PV hybrid energy systems is provided. Four 16 
years of solar irradiance data from Johannesburg and the 17 
national load data from Kenya are obtained for case studies. 18 
The proposed cost calculation methods are evaluated with 19 
two types of EES (Vanadium redox-flow battery (VRB) and 20 
Lithium-ion (Li-ion) battery. It shows that the marginal 21 
LCOE and LCOD indices can be used to assist 22 
policymakers to consider the discount rate, the type of 23 
storage technology and sizing of components in a PV-EES 24 
hybrid system. 25 
 26 

Index Terms-- PV, LCOE, Electrical Energy Storage 27 

1. Introduction 28 
As solar photovoltaic (PV) takes a larger share of 29 

generation capacity and where electrical systems cannot 30 
keep up with the increasing demand, increasing system 31 
flexibility should thus become a priority for policy and 32 
decision makers. Electrical energy storage (EES) could 33 
provide services and improvements to the power systems, 34 
so storage may one day be ubiquitous [1]. It is believed 35 
that energy storage will be a key asset in the evolving 36 
smart grid. 37 

The use of energy storage is increasing as EES 38 
options become increasingly available and countries 39 
around the globe continue to enrich their portfolios of 40 
renewable energy. For example, increased deployment 41 
of EES in the distribution grid could make this process 42 
more effective and could improve system performance. 43 
Mainly, EES mediates between variable sources and 44 
variable loads; works by moving energy through time. 45 
Essentially, EES can smooth out this variability and 46 
allow electricity to be dispatched at a later time. EES are 47 
highly adaptable and can meet the needs of various users 48 

including renewable energy generators, grid equipment, 49 
and end users [2]. Energy storage system may assist in 50 
achieving the aim to reduce emission reduction targets 51 
and lower the needs for PV output curtailments, which is 52 
a major issue with high penetration of PV [3]. 53 

Industrial and digital economy firms are collectively 54 
losing $45.7 billion a year due to outages. These data 55 
suggest that across all business industries, the US 56 
economy is losing between $104 billion to $164 billion 57 
a year due to outages and another $15 billion to $24 58 
billion due to poor power quality [4]. By using EES, the 59 
security of supply and power quality issue could 60 
potentially be minimized, and consequently with a 61 
reduction in outages.   62 

There are many ways to calculate the economic 63 
viability of distributed generation and energy efficiency 64 
projects. The capital cost of equipment, the operation and 65 
maintenance costs, and the fuel costs must be combined 66 
in some ways so that a comparison may be made. One of 67 
the most commonly used metrics is the Levelized cost of 68 
electricity (LCOE).  69 

In this paper, the concepts of marginal LCOE and 70 
Levelized cost of delivery (LCOD) are provided for a PV 71 
system with EES. Variable renewable generators such as 72 
solar PV are unlike conventional generators; they cannot 73 
be dispatched (except by curtailing output) and their 74 
output varies depending on local weather conditions, 75 
which are not well predictable. Existing papers have 76 
given reasons for deployment of EES in the future power 77 
system [5-7]. Many literatures analyzed the lifecycle or 78 
levelized cost solely for storage component, without 79 
considering the cost at a system level and energy 80 
exchange between generation source and storage [8-11]. 81 
LCOE analyses for renewable systems are also already 82 
well established and presented in many literatures, such 83 
as [12]. However, cost analysis for PV-EES system, and 84 
particularly for the analysis of levelized cost of storage 85 
has not been given a proper treatment and have not been 86 
clearly justified. 87 

A detailed review on recent LCOE calculation 88 
methods for PV and EES systems has been given and 89 
possible shortcomings of existing methods have been 90 
highlighted. The marginal LCOE and LCOD have been 91 
derived from first principles. Real-life solar irradiance, 92 
load, and the most recent system components cost data 93 
from literatures have been collected for the analysis in 94 

Levelized Cost of Electricity for Solar Photovoltaic and 
Electrical Energy Storage 

Chun Sing Lai and Malcolm D. McCulloch 
Energy and Power Group, Department of Engineering Science, University of Oxford, UK 

Corresponding Author Email: chun.lai@eng.ox.ac.uk 



 2 

this paper. The results have been compared with 95 
different sources to understand the implication of the 96 
proposed methods. 97 

The paper proceeds as follows, the definition of 98 
LCOE will be reviewed in Section II. Section III will 99 
provide a survey in the recent trend of large-scale PV 100 
systems and the LCOE for renewable systems with 101 
storage devices. Section IV provides the derivation for 102 
the LCOD for EES and the LCOEsystem, the LCOE for 103 
the combined assets, PV and EES. Section V provides 104 
the case studies for calculations of marginal LCOE and 105 
LCOD. A real-life case study with the daily national load 106 
data of Kenya and four years of collected solar irradiance 107 
data from Johannesburg is given. Discussions and 108 
conclusions are given in Section VI and Section VII 109 
respectively. 110 

2. Levelized cost of electricity for solar PV 111 
LCOE is a measure of costs which attempts to 112 

compare different methods of electricity generation on a 113 
comparable basis. It is an economic assessment of the 114 
average total cost to build and operate a power-115 
generating asset over its lifetime divided by the total 116 
energy output of the asset over that lifetime. The LCOE 117 
can also be regarded as the minimum cost at which 118 
electricity must be sold in order to achieve break-even 119 
over the lifetime of the project. The aim of LCOE is to 120 
give comparison of different technologies (e.g., wind, 121 
solar, natural gas) of unequal life spans, project size, 122 
different capital cost, risk, return, and capacities. 123 

The general equation for LCOE [13, 14] is given in 124 
Equation (1). It is essentially the lifecycle cost of the 125 
system be divided by the lifetime energy production of 126 
the system. 127 

LCOE =
Lifecycle cost ($)

Lifetime energy production (kWh)
           (1) 128 

There are two methods commonly used to calculate 129 
the levelized costs, known as the “discounting” method, 130 
and the “annuitizing” method [15]. In the discounting 131 
method shown in Equation (2), the stream of real future 132 
costs and electrical outputs identified as Ct   and Et  in 133 
year t are discounted back with discount rate r, to a 134 
present value (PrV). The PrV of costs is then divided by 135 
the PrV of lifetime output. The levelized costs measured 136 
under the ‘‘discounting’’ method, LCOEDiscount, is given 137 
in Equation (2) below. 138 

LCOEDiscount =
PrV(Costs)

PrV(Output)
=
∑ Ct

(1 + r)t
n
t=0

∑ Et
(1 + r)t

n
t=0

          (2) 139 

In the ‘‘annuitizing’’ method as shown in Equation 140 
(3), the present value of the stream of costs over the 141 
device’s lifetime is calculated and then converted to an 142 
equivalent annual cost, using a standard annuity formula. 143 
This equivalent annual cost is then divided by the 144 
average annual electrical output over the lifetime of the 145 

plant, where n is the lifetime of the system in years. 146 

LCOEAnnuitizing =
Ann(Costs)

Ave(Output)
147 

=
�∑ Ct

(1 + r)t
n
t=0 � � r

1 − (1 + r)−n�

(∑ Etn
t=1 )/n

                               (3) 148 

The two methods give the same levelized costs when 149 
the discount rate used for discounting costs and energy 150 
output in Equation (2) is the same as that used in 151 
calculating the annuity factor in Equation (3). However, 152 
for levelized costs to be the same under both measures, 153 
annual energy output must also be constant over the 154 
lifetime of the device. The annuity method converts the 155 
costs to a constant flow over time. This is appropriate 156 
where the flow of energy output is constant. It is 157 
commonly assumed in the literature on levelized cost 158 
estimates that annual energy output is constant. However, 159 
the annual energy output of renewable technologies 160 
would typically vary from day-to-day mainly due to 161 
variations in the renewable resources. Therefore, it is 162 
more appropriate to use the discounting method than the 163 
annuitizing method when calculating LCOE for 164 
renewable sources. 165 

One of the misconceptions when calculating LCOE is 166 
that the summation does not start from t = 0 to include 167 
the project cost at the beginning of the first year [16]. 168 
The first year of the cost should not be discounted to 169 
reflect the present value and there is no system energy 170 
output to be degraded. Reference [16] has also provided 171 
a review on the methodology of properly calculating the 172 
LCOE for solar PV. The equation for calculating the 173 
LCOE for a PV system is given in Equation (4) below: 174 

LCOE =
∑ (It + Ot + Mt + Ft)/(1 + r)tn
t=0

∑ Et/(1 + r)tn
t=0

175 

=
∑ (It + Ot + Mt + Ft)/(1 + r)tn
t=0

∑ St(1 − d)t/(1 + r)tn
t=0

                            (4) 176 

It is worth noting that the initial investment It  is a 177 
one-off payment. It should not be discounted and be 178 
taken out of the summation. The LCOE for PV systems 179 
given by the authors also considers the degradation 180 
factor of PV modules. The energy generated in a given 181 
year Et is the rated energy output per year St multiplied 182 
by the degradation factor (1 − d) which decreases the 183 
energy with time. The maintenance costs, operation costs 184 
and interest expenditures for time year t are denoted as  185 
Mt, Ot and Ft respectively. 186 

LCOE has been employed as an objective function in 187 
many analyses that deal with renewable-based off-grid 188 
systems, and the value of lost load-related costs in LCOE 189 
was studied in [17]. Reference [12] studied the time of 190 
installment of PV system in the LCOE, whereas the 191 
classic LCOE is static, i.e. the installment is done today, 192 
the proposed methodology dynamically searches a point 193 
in the future where LCOE would be optimum. The 194 
papers have made a contribution to re-modify the usage 195 
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of LCOE, it is worth noting that the storage has not been 196 
considered in the system. 197 

There are a number of reasons why large-scale PV 198 
system will be the future direction and in order to 199 
promote this, many researchers have considered 200 
different scenarios to achieve this.  A comparative 201 
assessment of the three leading large-scale solar 202 
technologies in 2010 and 2020 for different locations is 203 
provided in [18]. Also mentioned in [19], it concludes 204 
that at present these technologies cannot yet compete 205 
with conventional forms of power generation, but will 206 
approach competitiveness around 2020 in favorable 207 
locations. In order to further refine policy 208 
recommendations, policymakers are in the need for more 209 
precise advice on which policy mixes are most workable 210 
to improve the usage of different technologies. Future 211 
research should assist policymakers in exploiting this 212 
potential by evaluating in more detail the needs for 213 
accompanying measures in the areas of storage and grid 214 
management. An economic analysis of the investment in 215 
grid-connected PV systems installed on the building’s 216 
rooftops located in densely urbanized contexts is 217 
provided in [20]. The LCOE was calculated as an 218 
indicator of the competitiveness of the PV technology. 219 
Although the competitiveness of the PV LCOE with 220 
retail electricity prices is an appealing goal, the trajectory 221 
towards the grid parity is still slow in Italy. 222 

A comparison of LCOE across PV systems with equal 223 
installation areas but with modules of different 224 
efficiencies installed with fixed tilt, 1-axis tracking or 2-225 
axis tracking is provided in [21]. The first finding was 226 
that at a given module price in $/W, more efficient PV 227 
modules lead to lower LCOE systems. The second 228 
finding was that when meeting a LCOE goal, the PV 229 
module efficiency has a lower limit that cannot be offset 230 
by module price; and the third and final finding was that 231 
both 1-axis and 2-axis tracking installations provide 232 
lower LCOEs than fixed tilt installations. To summarize, 233 
the LCOE will decrease with the increase in energy 234 
production of the system. The LCOE for PV systems in 235 
143 countries is provided in [22]. The differences in both 236 
the solar resource and the financing cost were considered. 237 
The findings show that the LCOE values are highly 238 
dependent on the location, due to regional cost 239 
differences and variation of irradiance strength, which 240 
has a direct effect to the energy output [23]. 241 

The LCOE of commercial scale PV systems were 242 
investigated in [24, 25] with the System Advisor Model 243 
(SAM) developed by National Renewable Energy 244 
Laboratory. SAM [26] is a performance and financial 245 
model designed to facilitate decision making for people 246 
involved in the renewable energy industry. At present, 247 
SAM does not model isolated or off-grid power systems. 248 

3. Review on cost benefit analysis for PV and 249 
energy storage system 250 

3.1. PV system 251 
An investigation on PV surplus generation and 252 

storage requirements in Germany is provided in [5]. 253 
Surplus energies are generally low, but there are high 254 
surplus power peaks. It states that there are several 255 
questions remain for future research, in particular 256 
regarding the optimal mix of storage, curtailment and 257 
other flexibility options. The study of different energy 258 
storage technologies interaction with network expansion, 259 
power-to-heat, and thermal plants appears to be a 260 
particularly promising field of research. Additionally, the 261 
full system value of storage technologies should be 262 
investigated, including their capacity value and the 263 
provisions of ancillary services. 264 

The benefits of deploying storage into a power 265 
network is provided in [6]. A simulation environment 266 
was developed with multiple types of network event to 267 
be monitored simultaneously. Historical data were used 268 
to recreate the network conditions with load flow 269 
analysis and an assessment was made with the 270 
participation of EES. The simulations have shown that 271 
operating an EES in the distribution network has a 272 
positive effect on the tasks of power flow management 273 
and voltage control. It is learnt that a higher power rating 274 
and energy capacity EES could solve a greater number 275 
of problems, but there is a balance of cost/benefit to be 276 
achieved. As progress is made in the transition to future 277 
electricity networks, electrical energy storage embedded 278 
at distribution level is set to become an integral part of 279 
the Smart Grid. 280 

The techno-economic feasibility study of different PV 281 
hybrid systems for a typical household in Urumqi, China 282 
using the RETScreen is presented in [27]. The energy 283 
production and economical assessment for a grid- 284 
connected 5 MW PV power plant in Saudi Arabia were 285 
studied with RETScreen is provided in [28]. RETScreen 286 
[29] is a clean energy management software in the form 287 
of excel spreadsheet, with the purpose for calculating a 288 
large number of valuable financial indicators. The issue 289 
with the program is that the input solar isolation for the 290 
study does not include the daily load and renewable 291 
sources fluctuation into account, and the computation 292 
costs will be exponential for detail analysis due to the 293 
size of database. 294 

The economic performance of a residential PV system 295 
in Queensland, Australia was investigated with the 296 
software package HOMER in [30]. It aimed to optimize 297 
the size and slope of PV array in the system. A PV-diesel 298 
hybrid system with battery backup for a village was 299 
studied with HOMER [31]. HOMER [32] is an 300 
optimization software package which simulates different 301 
renewable energy sources system layouts and sized them 302 
on the basis of net present cost. It uses sensitive analysis 303 
to consider different generation capacities and battery 304 
storage capacity to determine the optimal size of the 305 
system. The issue with this program is the high 306 
computational requirement, due to the large number of 307 
cases needed to be computed. As an example, the study 308 
in [30] required a total of 448,000 runs based on 28 309 
sensitivities, where sensitivities are defined as the sizing 310 
control parameters such as size of PV and storage. In 311 
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addition, the software is of “Black Box” code utilization, 312 
where the optimization algorithm and cost calculating 313 
methodologies are unknown [33]. Reference [34] 314 
presents a method for technical-economic optimization 315 
of a PV system with energy storage. The system aims to 316 
meet the energy requirements of a given load distribution 317 
for a specific site. The storage unit characteristics and 318 
requirements were determined. The cost of storage has 319 
not been investigated. 320 

A stand-alone PV system for electrification of a single 321 
residential household in the city of Faisalabad, Pakistan 322 
was studied in [35]. Lifecycle cost analysis was used to 323 
provide economic analysis of the system. It concluded 324 
that it is more economical to become an off-grid PV 325 
system than being grid-connected. It is noted that the cost 326 
of generation and storage sources were not separated and 327 
evaluated, where the electrical load requirement is used 328 
as the total system energy output. A simulation model 329 
was developed in [36] that studies the economics of EES 330 
for residential PV in Germany under eight different 331 
electricity price scenarios, in the years between 2013 to 332 
2022. Investments in storage solutions were 333 
economically viable for small PV systems in 2013. 334 

The LCOE for a system with PV, concentrate solar 335 
power plant and thermal energy storage on the Atacama 336 
Solar Platform is presented in [37]. The study uses 337 
monthly solar irradiance to calculate the annual energy 338 
production from PV system. Reference [38] presents a 339 
technical and economic model for the design of a grid-340 
connected PV plant with EES. The aim is to determine 341 
the PV system rated power and the EES capacity being 342 
able to minimize the LCOE. In the study, total energy 343 
demand was used for cost analysis instead of the energy 344 
output from the generation assets. Reference [39] 345 
presents the LCOE study of renewable energy in China 346 
with an emphasis on feed-in-tariffs and discount rates. 347 
Energy storage was not considered in the study. 348 

The modification to the electric power system 349 
required to incorporate high penetration of variable wind 350 
and solar electricity generation in a transmission 351 
constrained grid is presented in [7]. The main concerns 352 
with combining the use of these sources at large-scale are 353 
the restricted flexibility of thermal generators to reduce 354 
output, in additional with the relative short time 355 
coincidence of the renewable resource with the 356 
instantaneous electricity demand. This would result in 357 
unusable renewable generation and increased system 358 
direct and opportunity costs. A highly flexible system, 359 
with must-run base-load generators virtually eliminated, 360 
allows for penetrations of up to about 50% variable 361 
generation with curtailment rates of less than 10%. For 362 
renewable penetration levels up to 80%, keeping 363 
curtailments to less than 10% requires the use of load 364 
shifting and storage capacity with the size equal to 365 
approximately one day of average demand.  366 

It is impractical to install an EES that is capable of 367 
providing a solution to all events at all times; either the 368 
events would have to be very modest and the EES will 369 
be very large. The EES operates to make a contribution 370 
to improve network performance in cooperation with 371 

other Smart Grid control actions such as active generator 372 
curtailment or demand side management. The 373 
contribution significance made by EES depends upon the 374 
event schedule and the dynamic behavior of the network 375 
on both short and long-term time-scale.  376 

Reference [40] suggested that energy storage and 377 
generation must be separated. There is an increasing 378 
acceptance that energy storage will play a major role in 379 
future electricity systems to provide at least a partial 380 
replacement for the flexibility naturally present in fossil-381 
fueled generating stations. It mentioned that if all UK 382 
power come from PV with storage, 57.1% of all energy 383 
consumed would have passed through storage. As a 384 
result, if future electricity systems are powered largely 385 
from inflexible sources, substantial fractions of all 386 
electrical energy consumed may pass through storage. 387 

An overview of the Spanish power generation sector 388 
is given in [41]. The sector is surrounded with number of 389 
challenges, with generation overcapacity as one of the 390 
factors [42]. Appropriate energy planning could have 391 
reduced investments in the Spanish power sector by 28.6 392 
billion euro by 2010, without the conflict on 393 
performance in terms of energy security or sustainability. 394 
The main causes of these surplus investments were partly 395 
due to solar technologies. EES could potentially improve 396 
the situation by reducing the required generation 397 
capacity by providing flexibility to the system. 398 
 399 
3.2. Electrical energy storage 400 

Turning to EES, a cost analysis for various EES in 401 
grid-connected system is presented in [8]. It calculates 402 
the cost of electricity added by storing electricity for 403 
different storage technologies. It has made comparisons 404 
solely for storage technologies and renewable energy 405 
system which have not been considered in the paper. The 406 
economic implications of EES technologies are  407 
obscured for the power grid stakeholders [9]. If the cost 408 
of charging electricity would be deducted from the 409 
LCOE delivered by EES, the net Levelized cost of 410 
storage (LCOS) is presented in Equation (5) [9]. 411 

LCOS = LCOE −
price of charging power

overall efficiency
                (5) 412 

Equation (5) states that LCOS will be less than LCOE. 413 
The cost of storage should be higher than the cost of the 414 
system, since the storage cost needs to include the cost 415 
of electricity generation to be stored in EES. The storage 416 
will have an efficiency factor; hence the storage output 417 
energy will be lower than the energy generates by source. 418 
It is noted that the generation source in the calculation of 419 
LCOS or LCOE for the system has not been considered. 420 
The energy stored in storage system is affected by the 421 
energy production of renewable source.  422 

In general, the future perspective is promising for 423 
Lithium-ion (Li-ion) batteries in power system 424 
applications as the retail price is declining and the 425 
technical specifications are reaching new heights with 426 
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reducing manufacturing costs, extending the lifetime, 427 
using new materials, and improving the safety 428 
parameters. Li-ion and lead-acid batteries are suitable for 429 
short duration services, whereas Sodium-sulfur and 430 
vanadium redox-flow batteries (VRB) are suitable for 431 
long duration services [10].  432 

A study of the LCOE for hydrogen-bromine flow 433 
battery is provided in [11]. It mentioned that although the 434 
capital cost of storage is of critical, the most important 435 
metric is the levelized cost of electricity and it should be 436 
the value to be minimized, rather than minimizing capital 437 
cost. At 0.40 $/kWh, the hydrogen-bromine flow battery 438 
system is too expensive for grid-level application. It is 439 
explained that the high cost is due to hydrogen storage. 440 
The costs of the hydrogen-bromine system can be 441 
significantly lowered if the costs of the battery stack and 442 
power electronics can be reduced.  443 

Li-ion batteries are the most common storage 444 
technology and the VRB are emerging as another storage 445 
option for grid applications [43]. The World Energy 446 
Council [44] has proposed a formula as shown in 447 
Equation (6), known as the Levelized Cost of Storage. It 448 
enables the comparisons between different types of 449 
storage technologies in terms of average cost per 450 
produced and stored kWh. 451 

LCOS =
Io + ∑

CEESt
(1 + r)t

n
t=1

∑
EEESt

(1 + r)t
n
t=1

                                             (6) 452 

Io  is the initial investment cost. CEESt  and EEESt are 453 
the total costs and energy output at year t respectively. It 454 
is mentioned that the LCOS formula only summarizes 455 
the general LCOS of each technology, i.e. without 456 
applying the application cases to a specific context such 457 
as for a PV system. It shows that the renewables industry 458 
faces two main challenges when applying the LCOS 459 
metric:  460 
1. Arbitrariness: The application case varies widely 461 

and dependent on the type of service provide;  462 
2. Incompleteness: The cost calculation does not 463 

reflect the characteristics of storage. Traditionally, 464 
LCOE is reflected on by the applied discount factor. 465 
Since it neglects higher potential revenues, e.g., 466 
from providing flexibility, it is a simplified 467 
approach for the actual value of storage.  468 

Policymakers should examine storage through 469 
holistic case studies in context, rather than only emphasis 470 
in generic cost estimations. Lazard [45] modeled 10 471 
different use cases for storage including frequency 472 
regulation, grid balancing and micro-grid support with 473 
the possibility of eight different storage technologies, 474 
ranging from compressed-air energy storage to Li-ion 475 
batteries. The required energy output for different 476 
storage applications are predetermined. Because of the 477 
operating and physical conditions, some electrical 478 
energy storages would need to be overrated. This 479 
oversizing results in depth of discharge (DOD) over a 480 

single cycle less than 100%. While energy storage is a 481 
beneficiary of and sensitive to various tax subsidies, the 482 
report presents the LCOS on an unsubsidized basis in 483 
order to isolate and compare the technological and 484 
operational components of energy storage systems and 485 
use cases. 486 

The LCOS provided by Lazard is an optimistic 487 
estimation and in practice, the storage system will not be 488 
used to 100% of its capacity. In the case of PV 489 
integration, the energy stored in the storage system 490 
depends on the PV system output and this is highly 491 
arbitrary as it depends on the nature of solar irradiance. 492 
Therefore, the LCOS will be different in real-life 493 
situation and is expected to be higher. The values 494 
provided by Lazard can be used as a comparison for 495 
different storage technologies and applications, but 496 
cannot be used for system resource planning and 497 
decision making. The operational parameters used in 498 
Lazard’s LCOS study for PV integration are presented in 499 
Table 1. 500 
 501 
Table 1 502 
Parameters used for LCOS study for PV integration [45]. 503 

Parameters  
Project lifetime (Year) 20 
Discount rate (%) 8 
Storage power capacity (MW) 2 
Storage energy capacity (MWh) 4 
Cycles per day (100% DOD) 1.25 
Days of operation per year 350 
Annual energy production (MWh) 1750 
System’s total generated energy (GWh) 35 

 504 
The report did not provide the method for the LCOS 505 

calculation. It is assumed that the results are calculated 506 
with Equation (6). The results of LCOS for PV 507 
integration with the lower and upper bound range for 508 
different storage technology are provided in Table 2. The 509 
results from Table 2 will be useful to provide a 510 
comparison of the results in the case study in this paper. 511 
Table 3 presents a comparison on the levelized cost 512 
analysis features for the three prominent hybrid 513 
renewable energy system software packages. It is learnt 514 
that LCOS are currently not included at present. 515 
 516 
Table 2 517 
Current LCOS for PV integration [45]. 518 

 LCOS ($/kWh) 
Storage Type Lower bound Upper bound 
Zinc 0.245 0.345 
VRB 0.373 0.950 
Li-ion 0.355 0.686 
Lead 0.402 1.068 
Sodium 0.379 0.957 

 519 
A new methodology for the calculation of levelized 520 

cost of stored energy was proposed in [46]. New terms 521 
have been proposed such as price increase factor and 522 
internal transfer cost to calculate the LCOE of the hybrid 523 
system. These two terms are currently not well defined 524 
in the industry and no literature has discussed them, 525 
hence these values are not practical to use for 526 
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calculations. As stated in [47], the economic estimation 527 
on hybrid systems utilizing a combination of PV, EES 528 
and cogeneration is difficult and at present, no 529 
comprehensive method exists for guiding decision 530 
makers. The proposed LCOE for the hybrid system is 531 
given in Equation (7) [47]: 532 

LCOE =
I + ∑

(I ∗ i + O + Fchp)
(1 + r)t

n
t=1

∑ Etpv(1 − d1)t +
Etchp(1 − d2)t

(1 + r)t
n
t=1

           (7) 533 

I is the total installation cost which includes the cost 534 
of PV, battery and the combined heat and power (CHP) 535 
module, i is the interest rate on the hybrid system for 100% 536 
debt financing. O is the total operation and maintenance 537 
cost. Fchp is the annual fuel cost of the CHP unit. Etpv 538 
and Etchp are the rated annual energy production from 539 
PV and CHP unit respectively. d1  and d2  are the 540 
degradation rates for PV and CHP unit respectively. The 541 
energy produced by PV system is not discounted. It does 542 
not reflect the actual value of the PV energy in the future. 543 
The equation for the hybrid system LCOE does not 544 
discount the energy lost from using the storage system 545 
due to round-trip efficiency, where the total energy 546 
output from the system is the energy produced by PV and 547 
the CHP unit. 548 

Reference [48] has discussed and proposed the LCOE 549 
metric for energy storage. The authors claimed that 550 
large-scale storage is becoming a significant issue for 551 
utilities, therefore it justifies the development of a 552 
levelized costing algorithm which accommodates 553 
storage systems. In the LCOE equation for energy 554 
storage, the energy output from the energy storage is 555 
assumed to be the annual energy production of the 556 
system. This may not be the case as not all energy 557 
produced by the system will be delivered by energy 558 
storage. 559 

4. Cost calculation methodology   560 
The literature review has shown that many LCOE 561 

work considers the cost of storage and renewable energy 562 
systems as a whole rather than being separated. Also, it 563 
is learnt that the daily average global solar irradiance or 564 
capacity factor are commonly used to calculate the total 565 
energy generation from of the hybrid system. This will 566 
provide a less accurate study due to the absence in the 567 
consideration of variability of renewable sources. This 568 
section aims to provide the methodology to better 569 
represent the LCOE for a PV-EES hybrid system.  570 

It is common to store the excess energy generated by 571 
PV in storage systems to be used later on. The PV energy 572 
at an available time instance should be used directly to 573 
support the load and to avoid the losses due to round-trip 574 
efficiency, η. In splitting the total energy produced by 575 
the PV system into two types, known as the surplus and 576 
the direct energy. Surplus energy, Epvsurplus, is the extra 577 
energy generated by PV system and not consumed by the 578 
load. Direct energy, Epvdirect,   is the energy that 579 
consumed by the load directly. Cpvsurplus and Cpvdirect 580 
are the costs for generate surplus energy and direct 581 
energy respectively. 582 

Equation (8) gives the LCOE for a PV system which 583 
has both the direct and surplus energy component. The 584 
surplus energy can be stored in EES. To fully utilize the 585 
PV energy, since the surplus energy cannot be used when 586 
load demand is less than the generation output, therefore 587 
there is a need to have energy storage to store the energy. 588 
It is noted that the energy delivered by EES will be 589 
reduced due to the round-trip efficiency. LCOEPV will be 590 
reduced when storage is included in the system by 591 
utilizing the surplus energy. 592 

As energy storage is not an energy generating source, 593 
however, in the definition of LCOE, it is defined that 594 
only energy generation is considered [53]. As a result, 595 
the definition of LCOE for PV system with EES needs 596 

Table 3 
Comparison of levelized cost analysis features for the prominent hybrid renewable energy system software packages. 
 HOMER Pro RETScreen Expert System Advisor Model (SAM) 
Developer HOMER Energy LLC Natural Resources Canada National Renewable Energy 

Laboratory 
Availability Priced Free Free 
Description The software can provide hourly interval 

data analysis, hence better modelling of 
the intermittency of renewables. It is 
capable of performing brute-force system 
optimization such as for components 
sizing purposes. The software may 
generate synthetic hourly solar data from 
monthly average clearness index or daily 
radiation data if real-data is unavailable. 
 

The software evaluates the 
performance of systems based 
on statistical monthly average 
data. One of the major 
advantages of the software is 
that it has an abundant amount 
of geographical data built-in, 
which is obtained from NASA’s 
climate database. 

The software is used for studying 
grid-connected systems only, and 
currently does not support stand-
alone system analysis. Shading 
and snow data can be included in 
the analysis to model the reduced 
PV output. A database of hourly 
solar irradiance data is provided 
from NREL database. 

Supported energy storage model Flywheel, customizable batteries, flow 
batteries and hydrogen 

Thermal storage tank Lead-acid and Li-ion 

Provide LCOE? Yes No Yes 
Provide LCOS? No No No 
Reference [49] [50] [51, 52] 
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further consideration in order to provide a more accurate 597 
representation of the LCOE. Equations (9) shows the 598 
LCOE with two partitions, namely, direct and surplus 599 
energy from the conventional LCOE as shown in 600 
Equation (4). 601 

LCOEPV =
∑

(Cpvsurplus + Cpvdirect)t
(1 + r)t

n
t=0

∑
(Epvsurplus + Epvdirect)t

(1 + r)t
n
t=0

                    (8) 602 

LCOEPV =
∑

Cpvsurplust
(1 + r)t

n
t=0

∑
(Epvsurplus + Epvdirect)t

(1 + r)t
n
t=0

603 

+
∑

Cpvdirectt
(1 + r)t

n
t=0

∑
(Epvsurplus + Epvdirect)t

(1 + r)t
n
t=0

    (9) 604 

Figure 1 shows the energy flow diagram of the 605 
renewable energy and storage system. The PV array in 606 
the system are separated into two sets. The net energy 607 
output of the EES needs to take account of η. The EES 608 
experiences the electrical energy flowing in and flowing 609 
out. 610 

 611 

Figure 1: Energy flow diagram of the PV system 612 
 613 
To simplify the derivation process, Equations (10) to 614 
(14) are used for the LCOE calculations in the 615 
upcoming derivations. 616 

CEES =  CCap_EES + �
CO&M_EES𝑡𝑡
(1 + r)t

n

t=0

                             (10) 617 

EEES =  η�
Esurplust(1 − DEES)t

(1 + r)t

n

t=0

                             (11) 618 

Cpvsurplus = �CCappv +  CInstpv�Nsurplus_ave619 

+ �
∑ CO&M_pvNsurplush
m
h

(1 + r)t

n

t=0

         (12) 620 

Cpvdirect = (CCappv +  CInstpv)Ndirect_ave621 

+ �
∑ CO&M_pvNdirecth
m
h

(1 + r)t

n

t=0

            (13) 622 

Epvdirect = �
Edirectt�1 − Dpv�

t

(1 + r)t

n

t=0

                              (14) 623 

DEES  and DPV  are the annual performance 624 
degradation rates for storage and the PV array 625 
respectively. Ndirect_ave and Nsurplus_ave are the fraction 626 
of PV array for generating energy for direct consumption 627 
and surplus energy for storage respectively. Ndirecth and 628 
Nsurplush

 are the fraction of PV array at hour h for 629 
generating energy for direct consumption and surplus 630 
energy for storage respectively. Edirect  is the energy 631 
generated from PV and directly supplied to the load 632 
without going through storage. Cpvsurplus  and Cpvdirect 633 
are the total lifetime costs of PV generation that produce 634 
the surplus and direct consumption of energy for the 635 
system respectively. 636 
4.1. Electrical energy storage 637 

The derivation of the LCOE for the EES is given in 638 
Equations (15) to (18). The LCOE of the energy into the 639 
system is given in Equation (15).  640 

LCOE(Ein) =
∑

Cint
(1 + r)t

n
t=0

∑
Eint

(1 + r)t
n
t=0

                                          (15) 641 

Cint is the total cost for delivering the PV energy into 642 
EES at year t. Eintis the input energy to the EES at year 643 
t. The LCOE for EES in a renewable energy system is 644 
more complicated to comprehend. It is necessary to take 645 
the cost of the solar array to generate the surplus energy 646 
to be stored into the EES into account. This is due to the 647 
fact the energy stored in the EES is produced by the solar 648 
array. The LCOE of the energy delivered by the EES is 649 
given in Equations (16) and (18): 650 

LCOE(Eout) =
∑

Cint
(1 + r)t

n
t=0 + ∑

Cstoraget
(1 + r)t

n
t=0

η∑
Eint

(1 + r)t
n
t=0

         (16) 651 

LCOE(Eout) =
∑

Cint
(1 + r)t

n
t=0

η∑
Eint

(1 + r)t
n
t=0

+
∑

Cstoraget
(1 + r)t

n
t=0

η∑
Eint

(1 + r)t
n
t=0

   (17) 652 

LCOE(Eout) =
Cpvsurplus
ηEPVdirect

+
CEES
EEES

                               (18) 653 

By splitting Equation (11) into two individual 654 
components, the final form of the LCOE for the EES is 655 
given in Equation (19). 656 
LCOE(Eout) = LCOD = 1

η
LCOE�Esurplus� + LCOS    (19) 657 
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In practice, Ein  will be the surplus energy, Esurplus 658 
flowing into the storage to be a dispatchable source of 659 
power. Therefore, Cin will be CPVsurplus, the fraction of 660 
PV array that produced the surplus energy for the system. 661 
The surplus energy may be generated in some hours of a 662 
day by the same panels producing directly-used energy 663 
in some other hours. Therefore, a panel can produce both 664 
excess and direct electricity, depending on time of the 665 
day, and/or seasonal conditions. As proposed in 666 
Equation (16), the cost of the electricity delivered by 667 
storage needs to take into account of the fraction of solar 668 
array for producing the surplus energy. To calculate the 669 
fixed costs (capital and installation costs) for the PV 670 
system, the fraction of PV arrays generates the surplus 671 
and direct energy needs to be fixed. The operation and 672 
maintenance costs varies throughout the lifetime of the 673 
system. Equations (20) and (21) present the average of 674 
fraction for direct and surplus energy respectively for the 675 
PV array. The fractions of array for direct and surplus 676 
energy at a particular time instance h is presented in 677 
Equations (22) and (23) respectively. The fractions of 678 
array should make up the PV array for the system, NTotal, 679 
in the PV system as given in Equations (24) and (25). 680 

Ndirect_ave =
∫ Pdirect(hm
h=0 )

σ∫ ε(hm
h=0 )

                                         (20) 681 

Nsurplus_ave =
∫ Psurplus(hm
h=0 )

σ ∫ ε(hm
h=0 )

                                    (21) 682 

Ndirecth =
Pdirect(h)
σε(h)

                                                      (22) 683 

Nsurplush
=

Psurplus(h)
σε(h)

                                                 (23) 684 

NTotal = Ndirect_ave + Nsurplus_ave                              (24) 685 

NTotal = Ndirecth + Nsurplush
                                       (25) 686 

σ is the PV array efficiency, 𝜀𝜀 is the solar irradiance 687 
at Wm-2, h is the time interval of the system operation. 688 
When solar irradiance is zero, then there will be zero 689 
power output, that is Psurplus is also zero. The situation 690 
will be 0/0, that is mathematically, it is an undefined 691 
solution. However, in real-life situation, these cases 692 
should not be taken into account but rather just in 693 
considering the situation when there is a PV output. 694 
Therefore, the authors limit the study to cases in which 695 
Psurplus  or Pdirect  is not zero. There will be situations 696 
such that there is a Pdirect but no Psurplus as the generated 697 
power is fully supplied to the load fully.  698 

 699 
4.2. Solar PV and storage system 700 

For the PV and EES storage system, the following 701 
LCOE relationship will hold: 702 

LCOEsystem =
∑

Csystemt
(1 + r)t

n
t=0

∑
Esystemt
(1 + r)t

n
t=0

                                        (26) 703 

Csystemt
 and Esystemt

 are the total cost and total 704 
energy production from the system at time t respectively. 705 
The total cost of the renewable system is the sum of PV 706 
generation and storage costs. The total energy produced 707 
by the system is the energy output of EES and the energy 708 
directly delivered to the load by PV. In this paper, the 709 
term LCOEsystem  is denoted for the LCOE for the 710 
generating and energy delivering assets PV and EES 711 
system. It does not consider the context of standalone or 712 
on-grid system. The purpose of LCOEsystem is to provide 713 
the understanding of the cost implications to the 714 
renewable and storage assets. Therefore, the LCOE for 715 
the system is given in Equation (27). 716 

LCOEsystem =
Cpvsurplus + CEES + Cpvdirect

EEES + Epvdirect
           (27) 717 

5. Case studies 718 

5.1. Data acquisition 719 
Solar irradiance and load data were obtained for the 720 

studies in this paper. The SKS 1110 pyranometer device 721 
manufactured by Skye Instruments [54] was used to 722 
collect the irradiance data. Four years of complete solar 723 
irradiance data in 2009-2012 were collected in 724 
Johannesburg. The sampling rate is at a sample/30min. 725 
Due to the restricted space to present the hourly annual 726 
solar irradiance, Figure 2 shows the solar irradiance 727 
collected for the first six days in 2009-2011. 728 

The national load curve of Kenya is presented in 729 
Figure 3. As explained in [55], the national peak starts 730 
rising at 18:30 and reaches its peak at 20:30. The shape 731 
of the national load profile for South Africa and Kenya 732 
are very similar [56, 57]. It is therefore safe to have the 733 
assumption that the load curve for Johannesburg is 734 
similar to that for Kenya.  735 

PV projects are currently favorable in Kenya. Kenya 736 
has an abundant source of solar irradiance and it is 737 
capable to generate several times more electricity from 738 
PV than the national grid annual consumption. The 739 
economic value of PV has already exceeded the potential 740 
projects costs in 2012 [58] and grid-connected PV 741 
systems may already be more economical than the most 742 
expensive conventional power plants, such as gas 743 
turbines and medium-speed diesel generators. They are 744 
currently the largest share of Kenya's current power 745 
generation mix [59]. 746 
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 747 
Figure 2: Solar irradiance between 1st Jan to 6th Jan for 2009-2012  748 

 749 

 750 
Figure 3: Daily national load curve in Kenya 751 

5.2. Cost and asset specification 752 
The cost and asset specification is presented in Table 753 

4. The solar panel to be used for the system is the Sharp 754 
ND-250QCS. It has an efficiency of 15.3% and has a 755 
rated power of 250 W [60]. The lifetime of PV panels 756 
can be up to 25 years [61], which exceeds the lifetime of 757 
EES. In the case studies, the lifetime of PV panels is 758 
assumed to be the same as the storage system and the 759 
project lifetime. 760 
 761 
Table 4 762 
Cost and technical specification of the system components for case 763 
study. 764 

  EES 

 PV VRB Li-ion battery 

Capital cost 
(CCap) 

120 ($/unit) 
[60, 62] 

760-1600 
($/kWh) 
[45, 63] 

715-1640 
($/kWh)  
[45, 63] 

Installation 
cost (CInst) 

108 ($/unit) 
[60] 

N/A N/A 

O&M cost 
(CO&M) 
 

6 
($/unit/year
) [60] 

100-140 
($/kWh) 
[63] 

80-95 ($/kWh) 
[63] 

System 
Lifetime (n) 

N/A 20 years  
[45, 63] 

15 years  
[45, 63] 

Round-trip 
efficiency (η) 

N/A 70%  
[45, 63] 

90%  
[10, 45, 63] 

Degradation 
rate 

0.5 %/year  
[64, 65] 

0.01 %/year 
[46] 

2 %/year  
[46] 

5.3. Marginal levelized cost of electricity 765 
The concept of marginal LCOE is proposed in this 766 

paper. By definition, marginal cost is the cost of 767 
producing one more unit of output. In this paper, the 768 
authors proposed the marginal LCOE to examine the 769 
long-term investment by adding additional PV capacity 770 
and storage into the system. This will be useful to 771 
understand the costs implication with respect to the 772 
system investment. 773 

In this paper, three different cases of the marginal 774 
LCOE are studied with the following assumptions. 775 

Case 1: The peak of solar power meets the peak load 776 
demand with no surplus energy available; 777 

Case 2: Extra PV capacity is added to the system and 778 
additional solar power will be generated. However, the 779 
surplus energy will be discarded because of no storage; 780 

Case 3: Storage will be used to store the surplus 781 
energy. The size of PV capacity is the same as that in 782 
Case 2. 783 

To provide the visual illustrational for the concepts of 784 
marginal LCOE, a constant linear load curve and clear 785 
sky irradiance are used as shown in Figures 4 to 6. The 786 
total cost and energy to calculate the LCOE for the 787 
system in the case studies are given in Equations (28) and 788 
(29), with Ccase(k) is the annual cost for the PV array and 789 
Epv(k) is the annual energy production from the PV array 790 
in case k. 791 

Ctotal_case(k) = �
Ccase(k)t
(1 + r)t

n

t=0

                                          (28) 792 

Etotal_case(k) = �
Epv(k)t

(1 + r)t

n

t=0

                                          (29) 793 

In Case 1, the load uses all the produced solar energy. 794 
LCOE is then calculated. Figure 4 shows the visual 795 
representation of Case 1. 796 

 797 

 798 
Figure 4: Solar and load curve for Case 1 799 
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The load power is assumed to be at the maximum 801 
point of the solar power curve for the default case. The 802 
LCOE for the default case is: 803 

LCOEbasecase =
Ctotal_case1
Etotal_case1

=
CPVdirect
EPVdirect

                    (30) 804 

In Case 2, additional PV capacity is invested into the 805 
system.  However, there is no storage device. Therefore, 806 
the surplus energy will be wasted. The shaded area is the 807 
extra solar energy produced in the system that consumed 808 
by the load compared to Case 1. Figure 5 shows the 809 
visual representation of Case 2. Etotal_case2  is obtained 810 
by taking away Esurplus from the total energy production 811 
from PV, EPV2 due to no energy storage present in the 812 
system. 813 

 814 
Figure 5: Solar and load curve for Case 2 815 

The marginal LCOE from Case 1 to Case 2 is: 816 

LCOEmarginal(1−2) =
∆C
∆E

817 

=
Ctotal_case2 − Ctotal_case1
Etotal_case2 − Etotal_case1

         (31) 818 

where Etotal_case2 = EPV2 − Esurplus                     (32) 819 
In Case 3, further investment is put into the system as 820 

compared to Case 2 by including EES. The surplus 821 
energy will be stored in the EES and consumed by the 822 
load. Figure 6 shows the visual representation of Case 3. 823 
The marginal LCOE from Case 2 to Case 3 is: 824 

LCOEmarginal(2−3) =
∆C
∆E

=
Ctotal_case3 − Ctotal_case2
Etotal_case3 − Etotal_case2

825 

=
(CEES + Ctotal_case2) − Ctotal_case2

Etotal_case3 − Etotal_case2
=

CEES
EEES

826 

= LCOS                                                                               (33) 827 

The marginal LCOE from Case 2 to 3 can be deduced 828 
into LCOS as given in Equation (6).  829 

A single combination investment of additional PV 830 
capacity and storage can be applied to Case 1. The 831 
marginal LCOE from Case 1 to Case 3 is provided in 832 
Equation (34). 833 
 834 

835 
Figure 6: Solar and load curve for Case 3 836 

LCOEmarginal(1−3) =
∆C
∆E

837 

=
(Ctotal_case2 − Ctotal_case1) + CEES
(Etotal_case2 − Etotal_case1) + EEES

                           (34) 838 

A sensitivity analysis has been conducted by varying 839 
the PV rated capacity. Case 1 consists of a solar farm 840 
with rated capacity of 2.5 MW, an arbitrary size used for 841 
the initial rated capacity of the solar farm. The calculated 842 
peak output power from the PV farm is 1.9 MW. As no 843 
surplus energy is available for case 1, the load curve will 844 
have a peak of 1.9 MW. This real-life load profile will 845 
be fixed throughout the sensitivity analysis for the study. 846 
The storage system used is VRB with storage capacity of 847 
3 MWh. The storage capacity is determined by 848 
calculating the maximum surplus power for the system. 849 
As reported in [66], the current discount rate for PV is 6-850 
9%. The discount rate could be as much as 2-3% lower 851 
over the next decade, and could fall by a further 1-2% by 852 
2040. A discount rate at 5% is used to be in line with the 853 
best discount rate for PV systems in Kenya [59]. The 854 
resultant LCOEbasecase  for the system is $0.093/kWh. 855 
The results from the sensitivity analysis on marginal 856 
LCOE, LCOEsystem and LCOD are presented in Figure 7. 857 
 858 

  859 
Figure 7: Marginal LCOE, LCOD and LCOEsystem with respect to PV 860 

capacity 861 
It is noted that the value of LCOEsystem  is different 862 
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from the total of LCOEbasecase and LCOEmarginal(1−3), as 863 
the summation of Equations (30) and (34) does not equal 864 
to Equation (27). The LCOD and LCOEmarginal(2−3) 865 
grows exponentially when the PV capacity is reduced. 866 
This is consistent with the LCOS for pumped storage 867 
provided in [67], where the LCOS will experience an 868 
exponential decrease with an increase in energy 869 
discharge from the storage system. This is due to the 870 
storage will store less energy with less surplus PV power. 871 
It is observed that the LCOEmarginal(2−3)  is less than 872 
LCOD, as LCOD takes account of the cost for the 873 
fraction of solar array used to provide energy for the 874 
EES. LCOEmarginal(1−2)  experiences an increase as the 875 
PV capacity increases, due to the energy wastage for not 876 
utilizing the surplus energy. LCOEsystem  will decrease 877 
with an increase in PV capacity as the energy is stored 878 
and utilized. LCOEmarginal(1−3)  is less than 879 
LCOEmarginal(2−3) and LCOD due to the inclusion of the 880 
additional PV capacity and surplus energy in system 881 
from Case 1 for non-storage. The LCOEmarginal(1−2) is of 882 
higher value than the Lazard’s result of LCOS in Table 883 
2. As explained previously, Lazard has made an 884 
assumption that the storage system is used at full 885 
capacity at all times. In a PV hybrid system, the storage 886 
system will seldom be used to the maximum and the 887 
energy depends on surplus power. The following 888 
phenomenon can be observed. 889 
1. System without storage attracts a small LCOE but 890 

naturally at a higher risk of security of supply and 891 
the marginal LCOE will increase with the increase 892 
of PV capacity. This signifies the cost of system will 893 
increase with additional PV capacity. 894 

2. LCOD and LCOEmarginal(1−2)  can experience a 895 
decrease with the increase of PV capacity. The EES 896 
will deliver more energy as the surplus energy 897 
increases.  898 

3. From investment point of view, it can be seen that it 899 
is important to add a battery as a component of the 900 
system rather than adding it in a later stage. The 901 
costs for separating the system can be high 902 
compared to considering the costs as a whole. 903 

5.4. LCOD and 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 for VRB and Li-ion 904 
battery 905 

A scenario has been developed with the load and 906 
generation data from two African countries. The national 907 
load curve has been down-sized with the peak load at 2 908 
MW to represent a load demand for a typical community 909 
in Africa. The rated capacity of the PV farm is 5 MW. 910 
The calculated capacity factor for the PV system are 911 
12.02%, 11.67%, 12.26% and 12.61% for years 2009, 912 
2010, 2011 and 2012 respectively. The purpose of this 913 
study is to calculate the LCOEsystem  and LCOD for a 914 
real-life renewable energy system with storage. 915 
LCOEsystem  is the LCOE for the combined assets, PV 916 
and EES. Two types of dominant EES technologies, Li-917 

ion and VRB are studied. In this study, three ranges of 918 
costs values are used to determine the cost of electricity 919 
for LCOD and LCOEsystem . These are lower bound, 920 
upper bound and the medium bound cost. The cost 921 
calculation is performed for each year of the four years 922 
of data. Sensitivity analysis is conducted for a range of 923 
discount rates. One of the vital input parameters for 924 
LCOE calculations is the value of the discount rate. The 925 
discount rate essentially takes into account the time value 926 
of money, through monetary depreciation as well as the 927 
investments risks. PV systems are considered much 928 
higher risks when compared with traditional power 929 
plants, and therefore they will be at higher discount rates.  930 

The results are summarized in a form of box plot in 931 
Figures 8 and 9. With a careful inspection in Figure 8, it 932 
can be seen that LCOD is higher with Li-ion than VRB 933 
for both the median and minimum value when the 934 
discount rate is less than 8%. The discount rate needs to 935 
be 10% or more when LCOD for VRB is higher than that 936 
for Li-ion. 937 

 938 
 939 

Figure 8: LCOD for Li-ion and VRB at various discount rates 940 
 941 

 942 
 943 

Figure 9: LCOEsystem for Li-ion and VRB at various discount rates 944 
 945 
The results for LCOEsystem at various discount rates 946 

for the two EES technologies are given in Figure 9. Also 947 
with careful inspections, LCOE is lower for VRB in all 948 
the studied discount rates and price range consideration. 949 
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Although Li-ion battery has a higher round-trip 950 
efficiency than VRB, the lifetime of the system is 951 
considerably shorter and this significantly affects the 952 
LCOEsystem. 953 

From Figures 8 and 9, it could be understood that 954 
adding EES to the system can increase the LCOEsystem 955 
at high discount rate. Also, the cost variation is wider. 956 
This is due to the capital and installation cost of the 957 
system being more dominant. At low discount rate, the 958 
value of energy will have less depreciation with respect 959 
to time. 960 

6. Discussion 961 
Successful operation of hybrid system requires 962 

continuous real-time balancing of supply and demand 963 
including losses. With the increasing amount of storage 964 
in the hybrid systems, it is crucial to analyze the 965 
economic values to determine the feasibility of such 966 
systems. The proposed methods could also be used to 967 
assess different EES technologies although in the paper, 968 
only VRB and Li-ion battery cases were given as 969 
examples.  This method provides decision makers with a 970 
practical approach to consider the competitiveness of 971 
each technology for a given application with renewables 972 
in particular. From Figures 8 and 9, it can be seen that 973 
the results of LCOD and LCOEsystem are given in a range 974 
of values due to the uncertainty in the annual energy 975 
production from the PV system and the range of EES 976 
costs. Parameters such as round-trip efficiency, EES 977 
lifetime, discount rate have all been included in the 978 
studies and the functionality of the method has been 979 
shown with real-life data. It is noted that LCOS and 980 
LCOD will be higher than the LCOEsystem. 981 

For different types of EES, the state of charge will 982 
have a different impact on energy storage, as such the 983 
potential in using the battery fully will be different on 984 
each case. Therefore, the energy delivered and stored 985 
could affect the system performance as a whole, that 986 
is, the overall LCOE will be changed. State of charge 987 
and discharge and cycles could be considered in future 988 
work. This should also be studied even 989 
though energy balancing is not considered in the present 990 
paper. 991 

Although the analyses show that the LCOD is cheaper 992 
for Li-ion than that for VRB at present, the LCOEsystem 993 
as a system could be lower for VRB compared to Li-ion. 994 
Since energy storage has many applications for power 995 
systems such as grid balancing and frequency regulation, 996 
the LCOS and LCOD will be significantly different due 997 
to the operating conditions of the EES. The future work 998 
would be to analyze the storage costs for different 999 
applications and services. With additional irradiance 1000 
data, it will be possible to have a better determination of 1001 
the cost in deployment of renewables system with 1002 
integration of energy storage system. Table 5 presents 1003 
the comparison of the technology and economic aspect 1004 

of the two EESs. At present, the capital and variable 1005 
O&M costs are higher for Li-ion battery. The lifetime is 1006 
generally higher for VRB compared to Li-ion battery. 1007 
There is a significant difference in the round trip-1008 
efficiency for the two batteries, where Li-ion can reach 1009 
up to 95% and VRB can reach 85% at the best. Table 6 1010 
provides a comparison of the pros and cons and the 1011 
maturity of the EES technologies. It is learnt that thermal 1012 
management is a major issue in using Li-ion battery for 1013 
grid scale systems. VRB is currently the most mature 1014 
technology for grid scale storage application and is 1015 
currently available for commercial use [43, 68]. 1016 
Additional sensitivity analysis will be a future work by 1017 
considering the extremes of costs, lifetime and round-trip 1018 
efficiency in order to provide a more accurate 1019 
representation of the levelized costs for the two EESs. 1020 

Demand response based on dynamic pricing such as 1021 
time-of-use (TOU) tariff can be used in conjunction with 1022 
EES to increase the usefulness of surplus PV generation 1023 
[69]. However, TOU are not normally used for PV 1024 
systems due to its lack of dispatchability and imperfect 1025 
predictability. There are companies offering energy 1026 
storage options to Hawaii customers that own PV 1027 
systems, in order for the state to meet 100% renewable 1028 
energy goal [70]. The study of optimal use of tariff 1029 
structures and EES dispatch techniques to reduce the PV 1030 
system and EES levelized costs may be of future 1031 
significant interests and research work needs to be done 1032 
in this area. 1033 

The proposed LCOD and LCOESystem were used for 1034 
studying an optimal sized stand-alone PV and EES with 1035 
Anaerobic digestion biogas power plants presented in 1036 
[71]. The techno-economic study of a grid-connected 1037 
hybrid system will be a future work. 1038 

 1039 
Table 5 1040 
A review on technology and economics based information for VRB 1041 
and Li-ion battery in grid scale application. 1042 
 1043 

 VRB Li-ion battery 

Capital cost 460-1600 ($/kWh)  
600-1750 ($/kW) 
[9, 44, 45, 63, 72-74] 

500-2500 ($/kWh)  
900-3500 ($/kW)  
[9, 44, 45, 63, 72-74] 

O&M cost 
 

Fixed:  
3.6-18.3 ($/kW-yr) 
Variable:  
0.21-2.96 ($/MWh) 
[9, 44, 63, 72] 

Fixed:  
2.12-14.5 ($/kW-yr) 
Variable:  
0.42-5.93 ($/MWh)  
[9, 44, 63, 72] 

Lifetime 10-20 years  
[9, 10, 44, 45, 63, 72-
75] 

5-15 years  
[9, 10, 44, 45, 63, 72-
75] 

Round-trip 
efficiency 

75-85% 
[9, 10, 44, 45, 63, 72-
75] 

85-95% 
[9, 10, 44, 45, 63, 72-
75] 
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7. Conclusions 1044 
This paper has provided a review on LCOE for PV 1045 

and PV hybrid systems. From the basic principles, the 1046 
LCOD and the LCOE for PV systems with storage have 1047 
been proposed. A more accurate calculation of LCOE for 1048 
VRB and Li-ion battery, known as the LCOD, is given 1049 
in this paper by taking the cost for energy generation into 1050 
account. The long-term economic impact for storage and 1051 
PV system is provided and discussed with marginal 1052 
LCOE. The findings reveal that with the present costs 1053 
and technical specification, VRB has a lower LCOD in 1054 
relation to Li-ion at low discount rate for the energy 1055 
storage application in PV systems. 1056 
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