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Abstract: A techno-economic assessment has been carried out to evaluate the economic feasibility
of energy self-consumption from a combination of photovoltaics and lead-acid batteries (PV-BAT).
The Total annual economic cost (TAEC) and the cost per unit of energy were first calculated, from
PV-BAT data collected over a 12 month period and then from energy system model data for the same
period. A comparison of the actual renewable energy yield to optimal model output revealed that
energy was restrained partially due to limited storage resources. The cost per kilowatt-hour for the
two examined scenarios ranged from 0.55 to 0.62 € /kWh and from 0.42 to 0.46 €/kWh, respectively,
showing room for further cost reductions. Despite currently lower energy purchasing costs from
electricity providers, these findings constitute a significant price indication of the kilowatt-hour
produced by PV-BAT, showing the need for further investigation into how battery sizing can be
optimized and battery cost can be reduced.

Keywords: electricity cost; renewable energy; photovoltaics; energy storage; batteries; hybrid power;
self-consumption; total annual economic cost

1. Introduction

The world wealth is driven by the energy sector, considering that economic growth is positively
related to higher energy use [1]. At the same time, the effective integration of a blend of renewables into
the existing energy mix is necessary in order to alleviate global warming [2]. Harvesting supplementary
renewable energy from hybrid power systems (HPS) or photovoltaics and lead-acid battery (PV-BAT)
systems is highly associated with the system supply costs and power availability. Design, control, and
operation of these systems are related to its efficiency and thus to economic sustainability. Control
and optimization strategies are essential to resolve issues such as the relatively small lifespan of the
necessary lead acid batteries [3,4] or the diversion of renewable energy surplus due to limited storage
resources [5-7]. Such strategies, if effective, will not only increase performance but will also reduce the
cost of each kilowatt-hour produced, creating sustainable conditions for integration into the electicity
market in the future. Shaw-Williams et al. [8] showed that currently, conventional photovoltaics (PV)
systems are still more profitable than battery combinations. However, with increasing penetration
levels of PV-BAT systems, considerable network benefits arise and collaborative actions such as
demand management are needed to fully exploit the reserve capacity of residential PV-BAT systems.
Shaikh et al. [9] investigated a comparative analysis between a lead-acid battery supported wind-PV
system and a gasoline generator system and showed a marginal economic superiority of the former
due to the environmental friendliness of that system. Alharthi et al. [10] showed that hybrid system
capacity factor increase is possible when wind-power is added to a hybrid power system with the
proviso of adequate wind potential at the location of the installation. Aderemi et al. [11] assessed the
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financial feasibility of energy autonomy for a mobile cellular base station and confirmed, through
simulations, environmental and economical advantages of the PV-BAT systems over the PV-BAT
combinations with generator support.

PV electricity system prices have dropped by over 80% in the last 10 years, and in a growing
number of markets, electricity cost from PV is already cheaper than residential retail electricity [12].
In Greece, the number of installations increased between 2006 and 2013, mainly due to a favorable
market environment involving simple permitting processes and generous feed-in-tariffs, as specified
by the legal framework at that time [13]. Due to subsequent regulations, in 2012 and then again in
2014, PV penetration progressed rather slowly from then onwards despite the fact that in 2015, new
legislation was enacted that promoted energy offsetting applications (net metering and variations)
from PV auto-producers without electrical energy storage (EES). According to the Hellenic Electricity
Distribution Network Operator (HEDNO), the installed capacity from these applications in continental
Greece and the interconnected islands had reached 42.35 MWp in 2018. By October 2018, the total
installed photovoltaic capacity in Greece reached 2472.6 MWp, 351.3 MWp of which were installed on
rooftops [14].

Electricity from PV systems can also be stored for later use in systems such as battery banks.
Coupling batteries to PV systems favors direct electricity use at the installation site, as that electricity
production is offset to match consumption. Like PVs, storage battery costs are expected to fall in
the years to come [15-17]. With cheaper PVs and batteries on the one hand and an upward trend in
electricity prices on the other hand, self-consumption is becoming sustainable and thus, encouraging
further auto-producers.

Although there are no data on the installed power of stand-alone hybrid systems in continental
Greece, large scale hybrid energy systems based on a variety of renewable energy sources and
EES systems have been deployed on five Greek islands, namely Crete, Rodos, Tilos, Lesvos, and
Ikaria, and mainly from 2010 onwards. According to HEDNO, the total installed capacity of these
non-interconnected islands is 877.86 MW, 807.35 MW of which are installed on the island of Crete.

As technology improves PV costs fall [15]. Cost estimation based on widely used variables is an
essential step for assessing the sustainability of energy production systems. Towards this direction,
we study an energy production system consisting of a combination of polycrystalline photovoltaics
and lead acid batteries that have been tested in real conditions in order to calculate the cost per
kWh produced. To calculate the unit cost of energy, the most established approach is to refer to the
levelized cost of energy (LCOE) [15,18] or the total annual economic cost (TAEC) [15,19]. By adding
environmental externalities [20], the cost of energy may differ and favor renewables compared to
energy from fossil fuels. In this study, we evaluate the cost of the PV-BAT system and undertake a risk
analysis. The aim of this work is to use an established methodology to calculate the cost of unit energy
produced (in €/kwh), so that the system is comparable with other solar renewable energy systems or
conventional fossil fuel energy systems. Since solar based systems are heavily based on sunshine, we
consider this as an uncertainty factor to calculate energy cost production ranges.

2. Materials and Methods

This section consists of three parts. Initially, the technical details of the PV-BAT system are
analyzed, followed by the energy monitoring and control protocol. Then, the cost calculation
methodology is presented.

2.1. Description of the PV-BAT System

Figure 1 illustrates the direct current (DC) coupled PV-BAT combination studied in this work,
similar to the setup employed in [4]. A rooftop PV installation consisting of 6 PV modules with a
total capacity of 1590 Wp provides the electrical power necessary to partially cover the consumption
on the alternating current (AC) grid and to store energy to a battery bank consisting of 24 lead-acid
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2-volt cells. The cells have a nominal capacity of 150 Ah and are connected in series, resulting in a total
nominal voltage of 48 Volt.

Fluctuations in energy production due to intermittent solar energy are addressed by using the
lead-acid batteries and an energy management system (EMS), which ensures that the batteries are
always protected and efficiently utilized.

Power electronics and the operating principle of this hybrid system have been extensively
described by Kosmadakis and Elmasides [4].
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Figure 1. The diagram of the photovoltaics and lead-acid batteries (PV-BAT) system.

The proper measuring and controlling energy flows in any hybrid power system are essential for
achieving high system efficiency and reliability. The system is supervised over ethernet by a computer
program written in Python, complying with a centralized control structure.

The EMS monitors all electrical signals from every resource of the PV-BAT system on a 2-minute
basis. Given predetermined objectives, appropriate actions are taken in real-time, depending on the
sampled data. Measurement and control instrumentation shown in Figure 2 have also been thoroughly
described by Kosmadakis and Elmasides [4].
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Figure 2. Measurement and control implementation of the PV-BAT system as a block diagram showing
the instrumentation and the equipment used in this study.

2.2. Energy Output

Measurements of global horizontal irradiance (GHI) were acquired every 2 minutes at the PV
installation with a pyranometer (Li-Cor LI200). The direct normal irradiance (DNI) and diffuse
horizontal irradiance (DHI) were computed using the direct insolation simulation code (DISC) model
from [4,21,22].

With fixed tilt PV-surface and PV-array azimuth angles of approximately 28 and 170 degrees,
respectively, the calculation of the angle of solar incidence (AOI) becomes a function of the current
solar position with respect to system latitude-longitude-altitude. The ground reflectivity, known as
Albedo, was used as a constant of 0.3 in our case.

The calculated total solar irradiance incident (Epoa) was fed to the Sandia cell and module
temperature model [23] together with measurements of wind speed and atmospheric temperature
taken at the PV installation in order to compute the temperatures of the PV cell (Tc) and the PV
module (Tm).

Subsequently, estimations of the photo current (IL), the diode reverse saturation current (10), the
series resistance (Rs), the shunt resistance (Rsh), and the modified diode ideality factor (nNsVth), also
described in [4], were obtained after initializing the five-parameter model [20] with the details from
the PV manufacturers datasheet and the aforementioned Epoa, Tc, and Tm calculations.

The five parameters were channeled afterwards as inputs to the PV single diode model [24-26],
from which I-V curves and module output were calculated. PV power output estimations were further
optimized considering losses due to PV module reflectivity and charge controller efficiency.

All mathematical models were conveniently implemented utilizing the PVLIB Python package, a
well-documented PV simulation tool from Sandia National Laboratories [27-30]. Figure 3 shows the
performance of the applied model.
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Figure 3. A nearly symmetric comparison between experimental measurements and the PV
model output.

The ratio of power output (Poyt) to power input (P;,) is evidence of how much energy is used
or dissipated as heat in a power electronic device. The efficiencies of power converters used in our
system (Figure 1) were calculated as follows:

PV charger efficiency (Mpp-ch):

P
Mpo—ch = P;; = Pec = Npy_cn- Py (1)
AC/DC inverter efficiency (n;,,)
Pyc_
Nipy = Tout = Pac—out = Ninp-Pic (2)
1

Graphs presented in Figure 4 were derived from the above formulas using
experimental measurements.
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Figure 4. PV charge controller (left) and inverter (right) efficiency ratios.

By performing linear fitting on the set of experimental data points shown in Figure 4, the PV
charger and AC/DC inverter efficiencies are determined. The PV charger efficiency is close to 97%,
while the AC/DC inverter efficiency is about 96%.

2.3. Energy Cost

For the estimation of the cost of energy produced, construction, operation, and maintenance
costs are critical inputs. Good approximations of the installed equipment, the life expectancy, and
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the appropriate interest rates for the years to come are needed to calculate the real cost of energy
production. To evaluate the energy system, the TAEC is be calculated as discussed by Tsagarakis [19].
This consists of the sum of the annuitized capital costs and annual operation and maintenance costs.
When this is divided by the energy produced annually, it results in the cost per unit of energy [31].
The cost of land is excluded since the equipement is placed on the roof of the building. This cost
estimation has been employed by Tsagarakis and Papadogiannis in order to estimate the cost of each
kWh produced by a biogas generation in a wastewater treatment facility [32], while Tsagarakis [33]
further studied the optimum number of generators required to increase energy production.

TAEC = E(CRFi x Capital Cost;) + Annual O&M Cost (3)

r(14r)
(14r) -1’
cost of capital, i.e., the rate for the best alternative investment. Since different pieces of equipment

may have different life expectancies, this results in lower CRFs for long life equipment compared
to short life equipment, but this methodology supports such differences. For the opportunity cost
of capital, several alternative values have been employed in economic analyses depending on the
owner's access to capital. In this paper's analysis, a value of 4% was employed [34-36]. The cost of each
energy unit produced (i.e., kWh in our case) is calculated by dividing the TAEC with the number of
kWh produced per year. We consider this low discount rate as suitable for making strategic economic
(instead of financial) decisions. This is the long term rate for investment projects in contrast to higher
discount rates, which can be used by private investors. If the investor is a private company, then other

where Capital recovery Factor: CRF = t is the lifetime of the project and r is the opportunity

evaluation criteria would be more suitable—for example, the payback period. Private investors are
interested, among others, to know when they are going to get their money back, which is necessary in
order for them to re-invest it. The advantage of a per unit cost is that it can be compared with other
technologies and highlights cost redactions as the technology improves.

For capturing the uncertainty of PV energy production, we use the mean and standard deviation
values of energy produced in our case study due to sunlight and conclude the respective cost variations.
Thus, the annual sunlight mean and standard deviation values of sunlight derived from the daily
forecasted and measured values over a twelve month period for Scenarios 1 and 2, respectively, were
used to take into account the input uncertainty and define a normal probability distribution for these
values. These mean and standard deviation values resulted in a normal probability distribution output
regarding the energy produced by the system and the consequent cost estimation. With the use of
@Risk software (Palisade Corporation, Ithaca, NY, USA), which applied the Monte Carlo simulation,
areas of confidence regarding the outputs were produced. In the context of this work, the cost of
monitoring equipment was not considered.

3. Results and Discussion

Energy production monitoring from the HPS recorded every two minutes from 1 November
2017 until 30 October 2018 was compared with the irradiance-based model results shown in Figure 5.
One way to compare the performance between different energy systems is by calculating the capacity
factor, i.e., the annual energy output per unit of installed power.

Cf = Annual Energy Yield [Wh/ year]
~ (Installed Capacity [W] x 8760[h/year])

(4)

The total energy produced from 1590 Wp installed PV capacity for a time period of one year was
1843.26 kWh, resulting in a capacity factor (Cf) of approximately 13%. The calculated energy output
based on the same PV capacity and meteorological data was 2456.35 kWh, resulting in a capacity factor
of approximately 18%. This energy difference can be attributed to limited storage resources, which
were not considered by the model.



Energies 2019, 12, 1357

PV Forecasted Output [kWh/month]

o
=
= —
=2 <
= :
o~
— wy
o
—
%y
I ‘ &
M~
~
L
| ,\:\ U,;\ \x\/‘b ‘\‘b
>
V\0 Q‘v N <(<<,

161

I | 57

283

o~

o~

194

302

B PV Measured Output [kwWh/month]

I | 00

Figure 5. Comparison between measured and modeled PV energy output.

175

7 of 14

Figure 6a depicts such a case. The yellow curve shows the variation of solar power that reaches
PV panels, and the blue curve shows the power output from the PV-array (Ppy, Figure 1) as a function
of time for one day in March 2018. The orange curve exhibits the modeled PV output for the same
period. During this spring day, the PV-system output approached a peak power of approximately

1350 W.
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Figure 6. (a) Variations of solar irradiance (yellow curve), measured PV output (blue curve), and

calculated PV output (orange curve) as a function of time; (b) variation of battery voltage (red curve)

and applied load (green curve) as a function of time.
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It is worth mentioning that PV power output did not qualitatively follow the solar energy change.
This can be interpreted by the battery voltage curve for the same day presented with the red curve
in Figure 6b. When the battery voltage reaches its maximum value, the PV charge controller restricts
the power output from the PV system to prevent the battery from overcharging, and thus potential
renewable energy remains unused. This is a weak point in PV-BAT systems and HPS in general, which
also explains the aforementioned difference between the forecasted and measured PV energy output.
It becomes obvious that this behavior is repeated whenever the energy produced from PVs is higher
than the energy needed to cover the load and the battery is fully charged. During the recording of the
system’s operating performance, an arbitrary two stages load consumption was selected (green curve,
Figure 6b) similar to a residential load profile with low energy demands.

As described in Section 2.3, capital cost is one of the main components that constitute TAEC.
The detailed purchasing equipment cost of the PV-BAT system described in Figure 1 is presented in
Table 1. Cost figures refer to the beginning of 2017, and the Value Added Tax is not included in this
cost because it is a transfer payment.

The life expectancy of the system is considered at 25 years except for the solar charge controller
(10 years), the inverter/charger (10 years), and the battery bank (three years). These are safe values
for the subsequent calculations as the equipment normally has longer life spans. We work with the
conservative values of Table 1 in order to avoid any case specific deviations from the real cost values.
Our aim was not to promote these systems but rather to outline a methodology for their evaluation.
Successful application reveals the appropriate periods to be used for the economic analysis without
the risk of under or overestimating costs.

Table 1. Capital cost components.

AA Cost Component Pieces €/Piece Total Price
1 Solar Charge Controller 1 225.00 € 225.00 €
2 PV Module 6 200.70 € 1204.20 €
3 Inverter / Charger 1 1212.00 € 1212.00 €
4 Battery Bank (w. 35mm? cabling 6m) 24 51.81 € 1243.44 €
5 Battery Rack 1 125.00 € 125.00 €
6 Circuit breaker for photovoltaics (DC) 1 87.49 € 87.49 €
7 Miniature Circuit Breaker (for AC/DC circuits) 1 2490 € 2490 €
8 Miniature Circuit Breaker (for AC/DC circuits) 3 9.70 € 29.10 €
11 AC indoor installation cabling 15 0.80 € 12.00 €
12 Din Rail Enclosure (40W x 60H x 18D cm) 1 56.93 € 56.93 €
13 DC Cable (4 mm?, 10 mm?) 20 250 € 50.00 €
9 Roof Solar Installation (incl. Wiring) 450.00 €

10 Indoor Electrical Installation 200.00 €

14 Additional costs for residential installation 400.00 €

15 Miscellaneous 69.49 €
Sum 5,389.55 €

* DC = direct current, AC = alternating current

The annual Operation and Maintenance (O&M) cost is estimated at 270€, which consists of
personnel (100€), consumables (70€), and insurance (100€). With the above-mentioned values, the cost
per kWh in the two examined scenarios is calculated as presented in Table 2.

Table 2. Cost per kWh for the two examined scenarios.

Scenario Capital Cost O&M cost kWh/yr TAEC €/kWh
1 5389.55 € 270 € 2456.35 1068.66 0.44
2 5389.55 € 270 € 1843.26 1068.66 0.58

* TAEC = total annual economic cost, O&M = Operation and Maintenance
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To consider uncertainty, as described in Section 2.3, we used input data for energy forecasted
as a normal curve with mean daily value of 6.73 kWh/d and a standard deviation of 3.62 kWh/d
(first scenario). Then, for energy produced, we considered a normal curve with a mean daily value
of 5.05 kWh/d and a standard deviation of 3.65 kWh/d (second scenario). We ran 5000 simulations
with @RISK software to calculate the output energy cost per kWh, as depicted in Figure 7. With 90%
probability, the energy output will be from 2340 to 2572 kWh/y, as forecasted by the simulation we
employed (first scenario).

23462 25700

Frequency distribution

e P 4
3 s 2 2 2 3 «
& & & & o

Forecast of the total annual PV output [kWh/y]

Figure 7. Forecast of the total annual energy produced by the PV array.

Using the measured energy production in place of Figure 7, Figure 8 was created (second scenario)
with 1723 to 1959 kWh/y being produced under the 90% probability range.
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Figure 8. Total annual measured energy produced by the PV array.

The descriptive statistics of the simulated results for both the forecasted and the actual scenarios
are provided in Table 3.

Table 3. Descriptive statistics of the total annual energy produced by the PV array (kWh/y).

Statistics Forecasted Measured

Values 5000 5000

Mean 2456.36 1843.26
Standard Deviation 68.26 68.87

Median 2455.76 1844.05

Minimum 2202.03 1603.69

25% Percentile 2410.29 1795.62

50% Percentile 2455.76 1844.05

75% Percentile 2503.09 1889.92

Maximum 2675.22 2116.13
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Based on the distribution of energy production per year, as depicted in Figures 7 and 8, the costs
per kWh of the forecasted and the real (measured) case are presented in Figures 9 and 10, respectively.
The simulated cases resulted in 0.42 to 0.46 €/kWh produced in the forecasted scenario (Figure 9) and
0.55 to 0.62 with the actual data (Figure 10) within the 90% probability range.

04158 0.4555

Frequency distribution

Forecast of the cost of energy production [€/kWh]

Figure 9. Calculation of the unit cost of energy production based on the forecasted energy values.

054s7 06187

& ]
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Cost of energy production [€/kWh]

Figure 10. Calculation of the unit cost of energy production based on the measured energy values.

The descriptive statistics of the simulated results for both the optimum and the actual scenarios
are provided in Table 4. Based on the energy produced, the cost per kWh may vary at the approximate
range of 0.50 €. This is in line with values reported from similar analyses [37,38]. However, none of
these studies have taken into account the energy price development considering at the same time
the loss of excess energy due to limited resources, as was done in this study. Although the PV-BAT
system is adequately sized, battery protection from an overabundance of solar energy is sometimes
unavoidable and leads to higher energy prices, such as our worst case scenario. On the other hand,
the best case scenario of the low-cost energy examined in the present work could only be achieved by
performing optimum energy management mainly on the consumption side [4].

To competitively incorporate a PV-BAT system such as the one described in this study into the
Greek market, a cost target of approximately 0.20 € /kWh, which is the gross energy purchasing cost
for the average Greek household, must be achieved. It is obvious that there is a considerable difference
between our best scenario and the target mentioned. Using a different battery technology (e.g., lithium
ion), one has the advantage of better energy efficiency as well as the chance of replacing the battery
bank only once over the course of 25 years [37]. On the other hand, the cost of this technology is higher
at the moment. In our study, the lead acid battery cost per usable capacity is calculated to be 173 € /kWh,
while the cost of lithium ion technology ranges between 560-1220 € /kWh [37], which is more than
double. However, the cost is expected to fall considerably in the next decade (200-650 €/kWh) [37].
The onsite energy production, which does not bear any energy transfer costs, is also an existing benefit
that could not be quantified in this analysis.
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Table 4. Descriptive statistics of the total cost of energy production (€/kWh).

Statistics Forecasted Measured
Values 5000 5000
Mean 0.44 0.58
Standard Deviation 0.01 0.02
Median 0.44 0.58
Minimum 0.40 0.51
25% Percentile 0.43 0.57
50% Percentile 0.44 0.58
75% Percentile 0.44 0.60
Maximum 0.49 0.68

Other drivers for such systems are technology learned [39,40] and experience gained by
doing [40,41]. Since the described system is fully decentralized, relevant training should be included
to achieve better system efficiency [42—44].

4. Conclusions

Hybrid power systems, and in particular PV and battery systems, were previously considered
as viable alternatives only in isolated areas with limited grid connection. However, the prices of the
various renewable energy systems in recent years have been on a steep downward path, consequently
encouraging distributed energy production and self-consumption.

This work provides the cost figures from the analysis and discussion of the methodological
framework for the calculation of the unit cost of energy with consideration to the selection of
appropriate discount rates and economic lifetimes. The analysis was based on the TAEC to investigate
the sustainability of an HPS in Greece. Based on real data acquired over a period of 12 months, the
cost of energy produced from a PV system in combination with lead-acid batteries was calculated
at 0.58 €/kWh. These calculations are on the safe side since they consider reference lifetime values,
which may prove to be longer (reducing the cost of each kWh) after successful operation. The rejection
of excess solar energy due to limited storage availability highlights the need for further investigation
into how battery sizing can be optimized and battery cost reduced.

These findings constitute a significant price indication of the kWh produced by HPS, but research
into further cost reduction parameters is ongoing. Future work will focus on the system cost per
degree of autonomy as well as the conditions under which battery storage will be profitable.
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