
International Journal of Photoenergy

Solar Energy and PV 
Systems in Smart Cities
Lead Guest Editor: Daniele Menniti
Guest Editors: Angel A. Bayod-Rújula, Alessandro Burgio, 
Diego A. L. García, and Zbigniew Leonowicz



Solar Energy and PV Systems in Smart Cities



International Journal of Photoenergy

Solar Energy and PV Systems in Smart Cities

Lead Guest Editor: Daniele Menniti
Guest Editors: Angel A. Bayod-Rújula, Alessandro Burgio,
Diego A. L. García, and Zbigniew Leonowicz



Copyright © 2017 Hindawi. All rights reserved.

This is a special issue published in “International Journal of Photoenergy.” All articles are open access articles distributed under the
Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.



Editorial Board

M. S.A. Abdel-Mottaleb, Egypt
Angelo Albini, Italy
Maan Alkaisi, New Zealand
Xavier Allonas, France
Nicolas Alonso-Vante, France
A. Álvarez-Gallegos, Mexico
Wayne A. Anderson, USA
Raja S. Ashraf, UK
Vincenzo Augugliaro, Italy
Detlef W. Bahnemann, Germany
Valeriy Batoev, Russia
Ignazio Renato Bellobono, Italy
Raghu N. Bhattacharya, USA
Simona Binetti, Italy
Fabio Bisegna, Italy
Thomas M. Brown, Italy
S. Buecheler, Switzerland
Gion Calzaferri, Switzerland
Joaquim Carneiro, Portugal
Yatendra S. Chaudhary, India
V. Cimrová, Czech Republic
Juan M. Coronado, Spain
P. Davide Cozzoli, Italy
Dionysios D. Dionysiou, USA
Abderrazek Douhal, Spain
Mahmoud M. El-Nahass, Egypt
Polycarpos Falaras, Greece
Chris Ferekides, USA
Paolo Fornasiero, Italy
Manuel Fuentes Conde, Spain
G. Garcia-Belmonte, Spain
E. Isabel Garcia-Lopez, Italy

Beverley Glass, Australia
Mohammed Ashraf Gondal, KSA
Giulia Grancini, Switzerland
Pierluigi Guerriero, Italy
Michael D. Heagy, USA
Shinya Higashimoto, Japan
Wing-Kei Ho, Hong Kong
Jürgen Hüpkes, Germany
Adel A. Ismail, Kuwait
Chun-Sheng Jiang, USA
Jurga Juodkazyte, Lithuania
Shahed U. M. Khan, USA
Sylvie Lacombe, France
Cooper H. Langford, Canada
Stefan Lis, Poland
Vittorio Loddo, Italy
Wouter Maes, Belgium
Manuel Ignacio Maldonado, Spain
Tapas Mallick, UK
Dionissios Mantzavinos, Greece
Sheng Meng, China
Santolo Meo, Italy
Claudio Minero, Italy
Thomas Moehl, Switzerland
Antoni Morawski, Poland
Fabrice Morlet-Savary, France
Mohammad Muneer, India
M. da G. P. Neves, Portugal
Tebello Nyokong, South Africa
Tsuyoshi Ochiai, Japan
Kei Ohkubo, Japan
Leonidas Palilis, Greece

Leonardo Palmisano, Italy
Ravindra K. Pandey, USA
Thierry Pauporté, France
Pierre Pichat, France
Philippe Poggi, France
Gianluca Li Puma, UK
Tijana Rajh, USA
F. Riganti Fulginei, Italy
Peter Robertson, UK
Leonardo Sandrolini, Italy
Jinn Kong Sheu, Taiwan
Waldemar Stampor, Poland
Zofia Stasicka, Poland
Elias Stathatos, Greece
Jegadesan Subbiah, Australia
Velumani Subramaniam, Mexico
Mohamad-Ali Tehfe, Canada
K. R. Justin Thomas, India
Nikolai V. Tkachenko, Finland
Ahmad Umar, KSA
Thomas Unold, Germany
Roel van De Krol, Germany
Mark van Der Auweraer, Belgium
R. Van Grondelle, Netherlands
W. G.J.H.M. Van Sark, Netherlands
Xuxu Wang, China
David Worrall, UK
Yanfa Yan, USA
Jiangbo Yu, USA
Klaas Zachariasse, Germany



Contents

Solar Energy and PV Systems in Smart Cities
Daniele Menniti, Angel A. Bayod-Rújula, Alessandro Burgio, Diego A. L. García, and Zbigniew Leonowicz
Volume 2017, Article ID 3574859, 2 pages

Recent Developments of Photovoltaics Integrated with Battery Storage Systems and Related Feed-In
Tariff Policies: A Review
Angel A. Bayod-Rújula, Alessandro Burgio, Zbigniew Leonowicz, Daniele Menniti, Anna Pinnarelli,
and Nicola Sorrentino
Volume 2017, Article ID 8256139, 12 pages

Study on the Optimizing Operation of Exhaust Air Heat Recovery and Solar Energy CombinedThermal
Compensation System for Ground-Coupled Heat Pump
Kuan Wang, Nianping Li, Jinqing Peng, and Yingdong He
Volume 2017, Article ID 6561797, 19 pages

Energy Conversion and Transmission Characteristics Analysis of Ice Storage Air Conditioning System
Driven by Distributed Photovoltaic Energy System
Yongfeng Xu, Ming Li, and Reda Hassanien Emam Hassanien
Volume 2016, Article ID 4749278, 17 pages

Optical Simulation and Experimental Verification of a Fresnel Solar Concentrator with a New Hybrid
Second Optical Element
Guiqiang Li and Yi Jin
Volume 2016, Article ID 4970256, 8 pages

Performance Analysis of Solar Assisted Fluidized Bed Dryer Integrated Biomass Furnace with and
without Heat Pump for Drying of Paddy
M. Yahya
Volume 2016, Article ID 3801918, 17 pages

Performance Characterisation of a Hybrid Flat-Plate Vacuum Insulated Photovoltaic/Thermal Solar
PowerModule in Subtropical Climate
Andrew Y. A. Oyieke and Freddie L. Inambao
Volume 2016, Article ID 6145127, 15 pages

Heuristic Storage System Sizing for Optimal Operation of Electric Vehicles Powered by Photovoltaic
Charging Station
Erik Blasius, Erik Federau, Przemyslaw Janik, and Zbigniew Leonowicz
Volume 2016, Article ID 3980284, 12 pages

Multicore PSO Operation for Maximum Power Point Tracking of a Distributed Photovoltaic System
under Partially Shading Condition
Ru-Min Chao, Ahmad Nasirudin, I-Kai Wang, and Po-Lung Chen
Volume 2016, Article ID 9754514, 19 pages

Solar Energy Validation for Strategic Investment Planning via Comparative Data Mining Methods: An
Expanded Example within the Cities of Turkey
Oya H. Yuregir and Cagri Sagiroglu
Volume 2016, Article ID 8506193, 16 pages



A Novel Maximum Power Point Tracking Algorithm Based on Glowworm SwarmOptimization for
Photovoltaic Systems
Wenhui Hou, Yi Jin, Changan Zhu, and Guiqiang Li
Volume 2016, Article ID 4910862, 9 pages



Editorial
Solar Energy and PV Systems in Smart Cities

Daniele Menniti,1 Angel A. Bayod-Rújula,2 Alessandro Burgio,1 Diego A. L. García,3 and
Zbigniew Leonowicz4

1University of Calabria, Rende, Italy
2University of Zaragoza, Zaragoza, Spain
3University of Huelva, Huelva, Spain
4Wroclaw University of Technology, Wrocław, Poland

Correspondence should be addressed to Daniele Menniti; daniele.menniti@unical.it

Received 23 April 2017; Accepted 23 April 2017; Published 9 July 2017

Copyright © 2017 Daniele Menniti et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A PV system on the rooftop is an easy and cost-effective way
which allows consumers to independently meet a part of own
electricity need. From an economic and financial perspective,
consumers reduce the electricity bill and save money. These
savings can be reinvested in actions aimed at the increase in
energy efficiency, so triggering a worthy process of improve-
ment. From a social perspective, consumers exploit renew-
able energy sources, so contributing to the environmental
preservation by reducing the greenhouse gas emissions.

The opportunities described above are evidently reserved
to those users who have ample space for installing a PV sys-
tem; on the contrary, users who live in apartment buildings
in the cities are excluded. For the latter category, smart cities
may represent a solution. Indeed, smart cities can offer to all
citizen the same opportunities in the pair of renewable
energy source exploitation and sustainable development. As
an example, citizens living in a rural area have large roofs;
their existing or new PV plants can be oversized with respect
to the local demand, and the overgeneration may serve
citizens living in a built-up area. Although very simple, this
initiative brings citizens close to each other and relevantly
joins them in a process of social development.

In this frame, the purpose of this special issue is to
stimulate the development of feasible and new idea, models,
mechanisms, techniques, pathways, and policies.

As an introduction to the topics, PV generation is the
subject of the paper authored by W. Hou et al.; in the paper,
the authors present a novel maximum power point tracking
algorithm based on glow-worm swarm optimization for

photovoltaic systems. Similarly, R.-M. Chao et al. present
a multicore particle swarm optimization for maximum
power point tracking of a distributed photovoltaic system
under partially shading condition. In PV generation topic,
E. Blasius et al. present a paper and discuss the utilisation
of PV systems for electric vehicle (EV) charging for transpor-
tation requirements of smart cities. Because low and high
irradiation seasons influence the PV power generation and
the EV charging demand varies over the year and correlated
to weather conditions, the authors conclude that the sizing
and performance of supportive storage devices should be
evaluated in a statistical manner, using long-period observa-
tions. PV generation is also the subject of the paper authored
by G. Li and Y. Jin; in place of conventional crystalline
modules, the authors focus their attention on a Fresnel solar
concentrator and propose an optical simulation and exper-
imental verification of a Fresnel solar concentrator with a
new hybrid second optical element.

The combination of PV modules and thermal modules is
the point of discussion in the paper authored by A. Y. A.
Oyieke and F. L. Inambao. The authors study the performance
characterization of a hybrid flat-plate vacuum-insulated pho-
tovoltaic/thermal solar power module in subtropical climate;
the authors conclude that these hybrid modules present
superior thermal characteristics compared to conventional
PV/T with an air insulation layer.

In the paper authored by O. H. Yuregir and C. Sagiroglu,
the validation of solar energy as a strategic key in investment
planning via comparative data mining methods is faced; the
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authors further deepen the study with an expanded example
within the cities of Turkey.

Three research contributions further enrich this special
issue by addressing three particular themes. Y. Xu et al.
author the first contribution; the authors discuss the energy
conversion and transmission characteristic analysis of the
ice storage air conditioning system driven by the distributed
photovoltaic energy system. M. Yahya authors the second
contribution and analyses the performance of a solar-
assisted fluidized bed dryer integrated biomass furnace with
and without heat pump for drying of paddy. K. Wang et al.
author the last of these three contributions; they propose
the optimizing operation of exhaust air heat recovery and
solar energy-combined thermal compensation system for a
ground-coupled heat pump.

A review paper rounds off this special issue; A. A.
Bayod-Rújula et al. illustrate recent developments of inte-
grated PV-battery systems and related feed-in tariff policies.
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The paper presents a review of the recent developments of photovoltaics integrated with battery storage systems (PV-BESs) and
related to feed-in tariff policies. The integrated photovoltaic battery systems are separately discussed in the regulatory context of
Germany, Italy, Spain, United Kingdom, Australia, and Greece; the attention of this paper is focused on those integrated
systems subject to incentivisation policies such as feed-in tariff. Most of the contributions reported in this paper consider
already existing incentive schemes; the remaining part of the contributions proposes interesting and novel feed-in tariff schemes.
All the contributions provide an important resource for carrying out further research on a new era of incentive policies in order
to promote storage technologies and integrated photovoltaic battery systems in smart grids and smart cities. Recent incentive
policies adopted in Germany, Italy, Spain, and Australia are also discussed.

1. Introduction

In the last decade, the incentivisation of renewable source
generation systems has received significant appreciation.
The International Energy Agency (IEA) [1] calculates that
subsidies granted to renewable energy worldwide amount
to $135 billion in 2014 with an average growth rate of 25%
in 2008. In 2014, Germany, the United States, and Italy hold
50% of the total of subsidies and 85% of the first 10 countries.
After such a significant economic effort, from 2006 to 2015,
the world total RES installed power doubled.

Figure 1 shows the global historical trend of power from
installed renewable sources in the world in the last decade;
the lower line indicates the percentage of power from photo-
voltaic sources. Figure 2 shows how power from renewable
sources is divided between different continents. It is worth
noting that Eurasia includes Armenia, Azerbaijan, Georgia,
the Russian Federation, and Turkey. As clearly explained by
IRENA in [2], smart grid technologies have facilitated the

exploitation of renewable energy sourcesmainly by increasing
grid flexibility. Furthermore, smart grid technologies have
also favoured the integration of distributed renewable gener-
ation in transmission and distribution electric grids, simulta-
neously reducing the investment needs for operating existing
infrastructures. The profound implications of smart grid
technologies on transmission and distribution electric grids
have a relevant and strategic importance given that IRENA
(International Renewable Energy Agency 2013) estimates
that these electric grids will account for almost half of the
power sector investment until 2035.

The financial support for renewable source generation
systems has significantly reduced the costs of renewable
energy; however, since these costs continue, it is hoped that
the renewables industry will soon survive without subsidies.
It is not reasonable to think that an incentivisation policy
can last forever; in fact, it should create and support the
market in its initial life phase and then the market should
be self-sustaining.
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The tariff of an incentivisation scheme for the exploita-
tion of renewable energy sources should be opportunely
determined and, above all, be reasonable, given that financial
support for renewable technologies is substantially paid by
hardworking families and businesses via their electricity bills.
In this connection, Pyrgou et al. [3] discuss the future of the
feed-in tariff scheme in Europe; in particular, they exclusively
study the case of photovoltaics and examine the regulatory
and policy framework of the feed-in tariff scheme, specifically
its effect on both the electricity pricing and the local and
European renewable energy source markets.

In many countries, the value of the incentivising tariff is
typically determined by the National Government consider-
ing the type of renewable source (solar, wind, and biomass)
and the technical and economic parameters (size, invest-
ment, and cost) in order to guarantee certain repayment for
those who operate the investment. It is evidently a political
issue, and, as often is the case, opinions relating to it
can be distinctly contrasting, as in the case of the econo-
mist and expert Darwall who states in [4] that renewable
subsidies destroyed the UK electricity market. Considered
by many people as a climate sceptic, Darwall believes that
when politicians decided to impose renewables, they inten-
tionally did not wanted to consider the entirely predictable
destruction of the electricity market as a consequence of
their policies. On the contrary, the politicians were convinced
that the world should have adapted to their preferred gen-
eration technology.

Criticism of the effects of social welfare of policies
enacted by countries to support the exploitation of renewable
sources is not, however, the object of this study. Instead, this
study simply seeks to address the case study of integrated bat-
tery storage photovoltaic systems. Therefore, in this study,
the two technologies for smart grids, namely smart inverters
and end user level distributed storage, and photovoltaic
plants for the distributed generation of energy from renew-
ables converge.

The contributions of the different authors mentioned in
the present work discuss PV-BESs such as those illustrated
in Figure 3 in the regulatory context of Germany, Italy, Spain,
the United Kingdom, Australia, and Greece. More precisely,

only contributions where PV-BESs are the object of an incen-
tivisation policy, such as a feed-in tariff, are considered.

The cases of these five countries are discussed separately
in the order of the total solar PV power installed; as can be
seen in Figure 4, the first case is Germany as it has an
installed power of 214,000MW, and the last case is Greece
with an installed power of 10,200MW. Figure 5 reports the
production of electrical energy from solar PV sources. It is
interesting to note that the order of Figure 5 is identical to
that of Figure 4 with the exception of the UK and Australia;
the latter has a production (13,656GWh) that is almost dou-
ble to that of the UK production (7718GWh) even though
the installed solar PV power in Australia is approximately
16% lower than that in the UK.

Most of the contributions reported in this paper consider
already existing incentive schemes; therefore, these schemes
constitute the input data for the techno-economic-financial
analyses together with the solar radiation, the user load pro-
files, and the average electricity prices. Some of these contri-
butions propose new feed-in tariff schemes in order to
promote storage technologies in general as well as integrated
photovoltaic battery systems for grid-connected end users.

2. A Brief Reference to Sizing and Integration of
Photovoltaic and Batteries Systems in
Distribution Grids

In the imminent future, renewable energy sources will cer-
tainly play a key role in electricity generation; solar and
wind energy sources undoubtedly have the potential to meet
the energy crisis to relevant extent. Solar and wind power
plants have already created favourable conditions to switch
the electricity generation from large-centralized facilities
to small-decentralized units, exploiting the technological
development and the increasing market competitiveness in
the renewable energy sectors. These small-decentralized
units are the implementation of the distributed generation
as cultural concept, as feasible solution for a sustainable
development extended also to remote areas, and as an
effective environmental impact reduction.

In the current thinking, PV power generation on roof-
top is the entry-level technology suitable for a massive
transition towards a low-carbon power generation, also in
the buildings sector. The increase in the use of incentives
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for the construction of integrated photovoltaic systems in
buildings has decisively established that such distributed gen-
eration, combined with the use of microinverters, is a viable
option with great growth potential [5]. Undoubtedly, the
wide spread of distributed generation strongly depended on
government policies to support PV systems, by credit guar-
antee scheme in favour of the citizen and/or granting. Today,
subsidies still exist in few countries but are subject to a fast
reduction; so, self-consumption may be the only way to gain
financial profit from distributed generation at residential and
building level. Indeed, in those countries where there are no
government policies to support PV systems, no credit guar-
antee schemes in favour of the citizen, and no grants, the
sole incentive is self-consumption; the lower is the export
price for PV energy with respect the retail price, the higher
is the attractiveness of self-consumption. Thanks to self-
consumption and the rapid decrease of the costs of modules
and inverters, covering the roofs with PV modules remains
an attractive investment, even in the absence of subsidies.

Performance of PV technology cannot be accounted for
solely in terms of cost targets and energy efficiency. In this
assessment, a holistic view is lacked; therefore, benefits as

the peak demand reduction, the improved network stability,
and loss reduction are not accounted [6]. Actually, a compre-
hensive and holistic analysis of how the combination of
influencing factors determines the economics of rooftop
modules is still missing [7]. Citizens who have installed PV
modules on roofs are an example of distributed power gen-
eration at residential level, but they are also carriers of
important benefits for the environment and the rest of the
electrical system. If properly managed, prosumers may con-
tribute to improving the system stability and reduce overall
losses [8, 9]. On the other hand, the increasing electrification
will put the reliability and stability of distribution grids
under pressure. Integrating solar electricity generator at
utility scaled into power networks may negatively affect the
performance of the next generation of smart grids. In par-
ticular, the rapidly changing of power generated by many
distributed generators is almost unpredictable; electrical
storage systems like batteries are the technical trick to
move problems from short term to mid term [10].

In the light of the above analyses, it is clear that distrib-
uted generation through PV plants on rooftops contributes
to alleviate the overall load on LV distribution grids, the peak
demand, and the power losses. Besides these benefits, new

+

−

Figure 3: An integrated photovoltaic battery energy storage system (PV-BES).
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problems and issues arise. The LV grids, in fact, were origi-
nally designed to accommodate a unidirectional current flow,
from the distribution network to consumers. With the high
penetration of distributed generation, the current can reverse
its direction; a possible consequence of reversal of the power
flow is the occurrence of overvoltage. This is a new and
unwelcome challenge for the distribution system operator,
but it may be also a limitation to PV systems spread. A
further limitation to such a spread may be the inability or
high costs associated to the excessive generation with respect
the demand; to face a surplus of generation, it is useful to
mention the strengthening of the distribution networks and
the widespread installation of small/limited storage systems
at LV grid levels.

The examination of the hourly and intrahourly time
series of the potential energy generation from distributed
PV systems is recommended and necessary in order to
obtain a proper understanding of the zonal energy balance
[11]. The frequent variation of the solar radiation on PV
modules and the frequent variation of speed and direction
on a wind turbine make these two sources, that is, sun and
wind, too intermittent and unreliable. Therefore, connect-
ing these sources to the grid presents challenges in various
technical aspects: power quality, protection, dispatching,
control, and reliability. Levelling the output of PV systems
and wind generators is necessary to maintain the grid
stability [12]. In this regard, the adoption of energy
storage systems is a feasible solution to compensate for
the above-mentioned fluctuations and to meet the demand
of energy during the night hours [13, 14]. Simultaneously,
implementing demand response programmes can facilitate
a resolution of this issue [15]. In addition to demand
response, several research contributions examine the
coordination of PV battery systems with demand side
management. The total number of these research contribu-
tions is considered as limited; further comparative studies
are required to achieve a complete overview of these
technologies and their potential [16].

The use of battery energy storage systems, integrated with
the PV modules, allows to decouple the generation and the
consumption of electric energy. This deferred timeline is a
simple and feasible solution, useful to reduce the grid load
during peak hours so to avoid the strengthening of distribu-
tion networks. Novel control strategies for battery recharge
management may be developed so to achieve benefits and
savings for both the distribution system operators and prosu-
mers [17]. Scheduling the battery operation installed at the
prosumer level is strongly recommended because the battery
degradation has a high cost and such a cost is mainly a func-
tion of the storage system operation [18].

The effects and the actual benefits of domestic inte-
grated PV battery systems and the effects and real benefits
on the distribution and transmission grids have to be
identified and analyzed. The development of strategies
for the coordinated management of the grid and storage
systems is a necessary step to analyze and evaluate the real
potential of domestic battery storage systems as a solution
to mitigate the stress on the electric power system [19].
On the other hand, the use of these hybrid energy systems

looks promising because they are reliable and economical,
thanks to the complementary nature of the two resources.
However, at present, it is still unclear when and under
what conditions the battery storage can be profitably used
in residential photovoltaic systems without any political
support [20–22].

As previously mentioned, self-consumption is a funda-
mental key for a proper evaluation of distributed generators
when integrated to storage systems; scheduling of domestic
loads such as washing machines, dryers, and dishwashers is
an exciting opportunity to maximize self-consumption [23].
In this context, depending on the solar radiation, incentives,
special discounts, and other factors, techniques for the
demand side management can assist families in changing
their usual habit in the electricity consumption [24]. Because
these techniques use PV generation forecasting to determine
the optimal loads scheduling, the greater the goodness of
forecasting, the higher the savings. In case of inaccurate
forecasts, errors are limited by using battery storage systems
[25]. Because load profiles in commercial applications have
a higher correlation with the daily solar radiation with
respect to the residential applications, also the retail and
commercial sectors are important sources of productivity
gains and savings [26].

Finally, the introduction of electric vehicles in the home
environment accentuates the “delay” between the load profile
of the families and the generation profile of the PV modules
[27]. Even in this case, the use of batteries seems a mandatory
measure rather than an appropriate choice. Indeed, the spread
of charging stations—which exploiting renewable energy
sources—placed outside the home environment has increased
in the recent years thanks to the use of distributed battery
storage systems [28]. Although many contributions studied
the integration of charging station and the utility grid, some
researchers believe that none of these contributions has given
due emphasis on the PV charger [29].

3. A Brief Reference to Incentive Polices and
Implementation Schemes

In order to incentivise the adoption and use of renewable
energy sources, different types of incentive mechanisms and
schemes have been implemented in different countries and
jurisdictions, such as feed-in tariff, quota obligation, green
certificates, tendering system, and net metering.

The feed-in tariff (FIT) scheme is the most effective
scheme in encouraging rapid and sustained spread of renew-
able energies because a feed-in tariff scheme significantly
reduces the risks of investing in renewable energy technolo-
gies so that the market can grow rapidly.

There are different ways to structure an FIT scheme, each
with its own strengths and weaknesses. In [30], Couture and
Gagnon present seven different ways, which are not mutually
exclusive, of structuring the payment of an FIT policy.
These seven ways are divided into two large categories,
namely those in which payment is dependent on the price
of electrical energy and those that, on the contrary, remain
independent of it.

4 International Journal of Photoenergy



Independent market FIT policies are policies that offer a
purchase guarantee and either a fixed price or a minimum
price for electrical energy from renewable sources fed into
the grid. Instead, market-dependent FIT policies require
renewable energy developers to provide their electricity to
the market, so forcing developers to a competition with other
suppliers to meet market demand. These policies offer a pre-
mium price or a feed-in premium, which comes on top of the
market price.

In order to avoid windfall profits when the electricity
market prices rise, governments can impose caps and floors
on FIT premiums. From an analysis of the market-
independent option, Couture and Gagnon highlight that
the main advantage consists in the predetermined and guar-
anteed payment levels, which offer significant benefits
including greater investment security, a more reliable and
predictable revenue stream for developers, and lower overall
risks. On the other hand, fixed price FITs distort competitive
electricity prices because the purchase prices remain fixed
regardless of the electricity market price; so, even if prices
decline, RE producers will continue to receive the guaranteed
prices. Moreover, fixed price FITs offer the same prices
regardless of the time of day at which electricity is supplied,
ignoring the prevailing electricity demand.

Couture and Gagnon analyzed the market-dependent
option and highlights that the main advantage is encouraging
demand sensitivity of RE producers, thus providing benefits
to both grid operators and society. Indeed, producers are
incentivised to supply electricity to the grid in times of high
demand, when prices are the highest. In such a way, a more
efficient electricity market is achieved because RE supply is
encouraged at times when electricity is needed most. In addi-
tion, the premium price model could help meet peak demand
especially when the spread between peak and off-peak prices
is significant. However, the market-dependent option is not
without disadvantages.

One disadvantage of the market-dependent option is the
unpredictable electricity retail prices which create greater
uncertainty for both investors and developers. This uncer-
tainty is often an insurmountable obstacle because negative
cash flows of RE projects are all concentrated at the begin-
ning of the process to pay for technology and are amortized
over periods of 15 years or more. Moreover, the reduction
in market prices created by large increases in RE plants
reduces appeal for investors and developers. The uncertainty
of electricity retail prices is also a relevant obstacle for smaller
investors who, in order to obtain project financing, need
more stable and predictable revenue streams.

In [31] also, Sioshansi addresses the issue of how to
incentivise the adoption of renewable energy sources and
different types of incentive mechanisms commonly used in
different jurisdictions. More interestingly, Sioshansi exam-
ines a problem of allocation of costs that arise following the
use of distributed renewable energy (DRE) systems such as
volumetric pricing.

As is well-known, residential customers pay a volumetric
tariff to recover costs due to the providing energy service and
due to the generation, transmission, and distribution capac-
ity service; such a volumetric tariffmainly depends on energy

consumption. Thus, for a customer who installs a PV plant,
possibly integrated with a storage system, which drastically
reduces electricity bought from the grid, then his payment
to the utility company would be close to zero. However, the
services mentioned above have to be installed andmaintained
to reliably serve the customer. Overall, volumetric costs
determine the allocation of inefficient costs with DRE.

Furthermore, incentivisation mechanisms such as FIT
worsen this inefficiency as the majority of these pro-
grammes offer incentives on the basis of energy generated
by a DRE, without considering its effect on the capacity needs
and costs.

4. The Case of Germany

Germany is notoriously one of the countries that firmly
believed—and invested heavily—in the exploitation of
renewables, also including technologies for energy storage
on different scales. Since May 2013, the state-owned
KfW bank has granted low-interest loans with an aggre-
gate value of 163 million euros in order to promote PV-
BESs with a PV peak power of up to 30 kW which should
feed a maximum 60% of installed capacity into the grid.
The Federal Ministry for Economic Cooperation and
Development also covers 30% of the battery storage system
costs. According to a study by RWTH University, almost
34,000 PV-BESs, with an average capacity of 6 kWh, was
installed by 31 January 2016. Around 27% of the installed
systems are mounted with lead-acid batteries, the rest with
lithium batteries. When governmental support of PV-BES
battery systems was introduced in May 2013, the budget
was 60 million euros; a new programme started in March
2016 with a budget of 30 million euros will run until
2018. Since 2013, prices for lithium batteries in Germany
have fallen by 18% per year.

4.1. PV-BESs in Commercial Applications. The study of inte-
grated PV-BESs on the German FIT policy in commercial
applications is addressed in 2016 in [26]; in the reference,
Merei et al. focus their attention in this sector in that, in their
opinion, there is a significant opportunity for economic
savings. The reason for this is that commercial buildings
usually have ample space on their roofs for the installation
of photovoltaic panels and because their load profiles have
a high correlation with the generated solar energy. Therefore,
the authors study the real case of a supermarket in Aachen
with a yearly electricity consumption of 238MWh. For
the cost calculation, the authors consider an import price
of €20c/kWh, a cost of production of electrical energy
from solar panels of about €8–12c/kWh, and a feed-in tariff
of €10c/kWh.

The cost analysis for a PV system returns a cost reduction
of 30% when the cheapest prices of PV systems of €1200/
kWp and the lowest interest rates of 4% are considered.
The cost analysis for the same PV systems discussed above
but in combination with battery storage and a feed-in tariff
of €10c/kWh returns no yearly cost reduction but rather
leads to a rise in costs. In conclusion, battery storage
increases self-consumption significantly, yet even unrealistic
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battery prices of less than €200/kWh cannot lead to an eco-
nomic solution in the considered commercial application.

4.2. PV-BESs in Residential Applications. The study of inte-
grated PV-BES on the German FIT policy in residential
applications was addressed in 2009 in [32]; in this work,
Braun et al. illustrate an integrated PV-BES developed in a
French-German project called Sol-ion. Considering a storage
system based on lithium-ion batteries and the German
Renewable Energy Sources Act (EEG) which grants self-
consumption in residential applications, the Sol-ion project
proposes several models that are useful in analyzing energy
flows and calculating the increase of PV self-consumption
in residential PV-BESs installed in Germany and in France.
The authors conclude that the adoption of the Sol-ion system
is a profitable operation for a battery system price below
€350/kWh.

In the reference, the authors introduce their study evalu-
ating the reduction of the export price that occurred in 2009
from €43.01c/kWh to €25.01c/kWh for those customers that
self-consume self-generated PV energy using battery storage
systems. The difference of €18c/kWh is a cost which has to be
compared with the import price. The German Federal Statis-
tical Office calculated that the average electricity price in
2009 without VAT was approximately €19.45c/kWh; there-
fore, residential customers with a Sol-ion system could save
€1.45c/kWh if 100% of the self-generated PV energy is self-
consumed. Therefore, the authors calculated that residential
customers with a 5 kWp PV plant could save electricity costs
up to €73 per year if 100% of local generation is consumed
locally. An increase of the profit margin is achieved when
an increase of electricity prices of 4% per year is considered:
the saved electricity costs rise to €5.66c/kWh and €283
per year. Additionally, the regression of the reimbursement
tariffs leads to an increase of the profit margin; given
depression rates of 8% in 2010 and 9% onwards, in 2012,
residential customers with a Sol-ion system saved electricity
costs of €7.71–8.61c/kWh and €385–430 per year. The case
study considered by Braun et al. for the simulation results is
a base scenario where the export price is €32.77c/kWh, the
self-consumption feed is €19.05c/kWh, the annual increase
of electricity prices is 4%, and the annual consumption is
5.5MWh. Data refer to 2012. Based on these assumptions,
a Sol-ion system using lithium-ion batteries with a capacity
of 11.5 kWh and specific costs of €350/kWh is evaluated.
The numerical results demonstrate that the Sol-ion system
increases self-consumption by 82% compared to that of a
conventional PV system without batteries; furthermore,
the breakeven is reached between the 15th and the 20th
year, depending on the installation and maintenance costs.

In 2012, the study of integrated PV-BESs on a current
German feed-in tariff in residential applications is the focus
of [33]; Mulder et al. who affirm that since 2012, the use of
lead batteries up to 5 kWh is convenient even in the absence
of subsidies, independent of an increase in the cost of electri-
cal energy. Taking the progressive decrease of the cost of lith-
ium batteries into consideration, the authors state that this
type of technology will certainly soon be attractive. In partic-
ular, if the price of electrical energy increases by 4%, then

4 kWh lithium batteries will already be economically advan-
tageous in 2017, even in the absence of subsidies. The authors
also present a cost-benefit analysis based on 2012 market
prices and best future expectations; financial indicators such
as the net present value, the internal rate of return, and the
payback period were used. The numerical results reported
in the paper refer to 260 combinations obtained using data
from 65 households and 4 PV systems in Belgium; data mea-
sured every 15 minutes over a year.

In 2013, [21] presented a study that is very similar to
Braun et al.’s 2009 study and Mulder et al.’s 2012 study. In
the reference, Hoppmann et al. conclude that investing in
storage batteries in Germany was economically advantageous
for small systems already in 2013, investing in storage batte-
ries in Germany was economically advantageous for small
PV systems even not considering feed-in type policies. How-
ever, a possible promotional policy for battery storage sys-
tems is a valid instrument, which is only necessary in the
short term. The authors create a technical-economic model
and use this model to assess the viability of battery storage
under eight scenarios from 2013 to 2022; each scenario is
generated by varying the PV costs and the electricity prices.
For each scenario, the model generates and tests more than
1400 photovoltaic battery combinations and identifies the
combination with the highest net present value; the final user
receives no feed-in tariff or self-consumption premium for
the electricity self-produced by using the PV system. The
study concludes that the economic viability of the battery
storage for residential PV is particularly high in a scenario
where the excess of electricity cannot be sold on the whole-
sale market.

A year later, in 2014, the study of integrated PV-BESs on
the German FIT policy was again addressed in [34]. Like
many other academics, Weniger et al. also seek to identify
the storage system price at which residential PV-BESs
become economically sustainable. In actual fact, Weniger
et al. question which factor mainly influences the break-
even price. The results reveal that the main factor is the rate
of interest, followed by the PV system price, the retail price
of electricity, and the feed-in tariff. The authors consider a
feed-in tariff of €0.12/kWh, an import price of €0.34c/kWh,
and an interest rate of 4%. Based on these assumptions,
investing in PV-BESs is economically interesting if the
PV system price is €1500/kWp and the battery system
price is below €1160/kWh. Nevertheless, if the PV system
price drops to €1200/kWp, then installing a PV-BES is a
profitable operation for a battery system price below €1500/
kWh. Weniger et al. also verified that an increase in the retail
electricity price of €0.08/kWh has a larger impact than a
decrease of the feed-in tariff by the same magnitude. There-
fore, they suggest evaluating the profitability of PV-BESs
focusing on the future development of retail electricity prices
instead of on the development of new feed-in tariffs. More-
over, in [35], Bergner et al. state that the integration of PV
systems with batteries will be the most economical solution
in the long-term scenario.

In 2015, Lissen et al. introduced a further contribution
to the study of integrated PV-BESs on the German FIT policy
[36]. In the reference, Linssen et al. conduct a techno-
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economic analysis of PV-BESs with particular attention on
the influence of different consumer load profiles. Hence, the
authors affirm that the use of realistic load and production
profiles is mandatory in order to allow for reliable statements
concerning both technical parameters and economic feasibil-
ity. Otherwise, the techno-economic analysis and cost opti-
mization results might overestimate self-consumption and
lead to an incorrect calculation of the total costs. Accord-
ingly, the numerical results illustrated in the reference relate
to temporal high-resolution consumer loads and PV produc-
tion profiles; load profiles are three at all. Profile 1 is the
German standard load profile used by German utilities as
a representative load profile for consumer groups. Profile
2 is an average profile of five single family houses usually
used as a reference profile for combined heat and power sys-
tems, whereas profile 3 is a synthetic load profile generated
by a simulation tool.

The PV profile is the measured profile of a 5.8 kWp PV
system in 2012 with a 5-minute resolution; the yearly electric-
ity generation returned by such a plant is 1010 kWh/kWp
representing a typical value for central Germany. The PV sys-
temprice is assumed as being €1640/kWp. The storage system
is mounted with lithium-ion batteries; the depth of discharge
is 100%, the efficiency is 95%, and the cycle lifetime is 6200
with a degradation of 0.4% per year. The storage system price
is assumed as being €1000/kWh, exclusive of VAT. Further
economic parameters are a feed-in-tariff of €13.28c/kWh, an
import price of €29c/kWh, an interest rate of 4%, and an elec-
tricity price increasing by 2.5% per year. Numerical results
show that the optimal cost of the integrated PV-BES increases
from profile 1 to profile 3 due to different self-consumption
levels. In particular, profile 3, which is considered as being
the most realistic one, leads to the lowest value of self-
consumption. Moreover, the break-even price for the inte-
grated system is about €900/kWh without a battery storage
support scheme and about €1200/kWh when considering
the German support scheme. Linssen et al. conclude their
study underlining that the individual taxation of revenues
can significantly lower the break-even costs.

5. The Case of Italy

In 2005, Italy introduced its first incentivisation policy for PV
plants based on a FIT scheme by means of a ministerial
decree, which made available a first incentivisation budget
known as the “Primo Conto Energia.” From 2005 to 2012,
the incentivisation payment mechanism changed four times,
and in 2012, a ministerial decree made the fifth and final
incentivisation budget for PV systems available, the so-
called “Quinto Conto Energia.” In July 2013, after about eight
years of incentives, there were approximately 500,000 work-
ing incentivised plants; 10% of the plants started functioning
in June 2012. By the end of 2014, there was an installed power
of approximately 18 million kW. Today in Italy, all residen-
tial users can install batteries. In order to do so, the user must
simply make a new connection request of the storage system
to the state-owned company GSE. The storage system can
either be integrated or not with a production plant; it can feed
energy stored in the battery pack to the grid and can charge

the batteries from the grid. In the case of systems with batte-
ries with a bidirectional convertor, where batteries can also
charge using energy from the grid, these can be integrated
with photovoltaic systems without losing the incentive as
long as bidirectional electric meters have been installed.
Nowadays, the only special term conceded to the installation
of batteries is tax deduction equal to 50% of the investment
costs to be spread over 10 years; it is allowed in the case of
restructuring and building energy saving works.

An analysis of the costs/benefits of PV-BES for domestic
users is reported in [37]; the analysis considers real electrical
energy consumption data for approximately 400 domestic
clients spread over the Italian territory as well as real data
of photovoltaic production for Northern, Central, and
Southern Italy. For each domestic client, the PV plant is
dimensioned so that it generates the annual energy con-
sumption of the client, which is approximately 3700 kWh;
the battery storage system has a discharge yield of 80% and
is dimensioned to maximize self-consumption. The result
presented in the reference consists of a further saving of
approximately 150 euros for an existing photovoltaic plant
incentivised by the feed-in scheme and a saving of approxi-
mately 170 euros in the case of a new nonincentivised plant.
The calculated annual benefit is estimated net of costs of the
initial investment.

An analysis of the costs/benefits of PV-BES for an Italian
Public Administration connected to medium voltage grid is
reported in [38]; in the reference, Burgio et al. propose a
novel scheme for an FIT policy to favour the adoption of
PV-BESs by means of a constant tariff which exclusively
rewards self-consumption. The generation price and the
export price are both neglected. An optimization problem
jointly scales the PV and the BESs considering actual data
obtained measuring load consumptions each 15 minutes
throughout 2011. The objective function is the sum of three
terms, that is, saving, subsidy, and costs; saving is defined
as the difference between the electric bill with and without
the combined PV-BES, subsidy represents the money that
the end user receives due to the FIT policy, and costs is the
sum of the instalments for both the PV and the BESs. The
feed-in tariff is in the set €0.05, €0.10, €0.15, €0.20, €0.25,
and €0.30/kWh. The optimal solution consists of a PV plant
of 30 kWp and a battery storage system of 25 kW/50 kWh.
The cash flow analysis highlights that for feed-in tariffs lower
than €0.2274c/kWh, there is a requirement for additional
financial resources. The authors also evaluated the impact
of the PV-BES on load profiles by calculating the frequencies
of energy measurements during 2011. In particular, the
recurrence of the measurement 0 kWh (i.e., full self-suffi-
ciency) is 0% without the PV-BES; it increases to 7% when
a PV system is adopted and it further increases to 19.02%
when a storage system is also adopted.

The economic viability of a feed-in tariff scheme that
solely rewards self-consumption to promote the use of PV-
BES is studied in [39]; in the reference, Burgio et al. use an
optimization problem so to determine the incentive and the
size of the PV-BES. The incentive was calculated so that the
yearly subsidy equals to the difference between the instal-
ments paid for the PV-BES and the savings obtained from
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the electricity bill. The size was calculated so that the percent-
age of self-produced energy is at least 50% and the percentage
of self-consumed energy is at least 80%. The optimization
problem was applied to a real case; measured values of
temperature, irradiation, energy consumption and electricity
prices were considered from 2011 to 2015. The numerical
results reported in the reference demonstrated that the
feed-in tariff scheme for a PV-BES is feasible and advanta-
geous: for the case study, the electricity bill in 2011 was
reduced by 49.56%. Moreover, the yearly subsidy is lower
than the instalments paid for the PV-BES; therefore, a posi-
tive socioeconomic impact is achieved. Because the move-
ment in the electricity prices is a crucial point in the
economic evaluation of a PV-BES, the optimal solution was
studied in the years from 2012 to 2015 so to evaluate the pos-
sible consequences of the collapse in electricity peak-load
prices occurred at the end of 2013. The numerical results
show that the PV-BES allows a reduction of the electricity bill
also in the presence of this radical change in electricity prices.
In particular, the reduction equals to 44.98% when the
PV-BES is adopted, whereas it equals to 33.65% when only
the photovoltaic system is adopted.

6. The Case of Spain

In Spain, the PV support policy started in 1998 with the pub-
lication of the Royal Decree (RD) 2818/1998, and the condi-
tions were improved some years after with the publication of
the RD 436/2004 and RD 661/2007. The conditions and pre-
mium were greatly modified with the RD 1578/2008. The
support mechanism for PV systems gave the producers the
possibility to choose whether to sell the electricity under the
FIT tariff or whether to sell the electricity in the free market,
taking advantage of a premium above the market price. The
FIT policy granted producers for an undefined number of
years; a reduction was expected after 25 years [40, 41].

Furthermore, the Royal Decree was stated the impossibil-
ity of integrating the PV systemswith any storage system; such
a prohibition has remained valid up to 2015. In 2012, the PV
support policy was suspended with the publication of the
Royal Decree 1/2012; one year later, the Royal Decree-Law
9/2013 lowered the grants of FITs retroactively.

In 2015, the Royal Decree 900/2015 introduced a self-
consumption policy. This Decree distinguishes two types
of customer with self-consumption: Type 1—Supply with
self-consumption, and Type 2—Generation with self-
consumption. Type 1 includes facilities and end users with
an installed power no larger than 100 kW; the surplus of gen-
erated electricity fed into the grid is not remunerated because
the export price is set equal to zero. Type 2 includes produc-
tion facilities signed in the “Registro administrativo de insta-
laciones de Produción de Energía” and with an installed
power larger than 100 kW. The surplus of generated electric-
ity fed into the grid is remunerated.

The Royal Decree 900/2015 also stated that all customers
which adhere to any self-consumption policies, that is, all
customers who adopt a PV system integrated with battery
storage system device are subjected to a new fee, known in
Spain as” Impuesto al sol” or “solar tax.” Such a new fee is

a distribution and transport grid access fee required in order
to ensure technical and economic sustainability of the grid.
For instance, the most of end users connected to the low-
voltage distribution grid in Spain with an installed power
no larger than 10 kW have to pay the 2.0A tariff which con-
sist of €0.049033 for each self-consumed kWh.

As expectable, the widespread opinion about solar tax in
Spain is definitely negative. In particular, the Spanish solar
PV association affirms that, far from encouraging self-con-
sumption, distributed generation, and use of renewable
energies, this fee discourages the development of electric
self-consumption. Moreover, the association underlines that,
due to this unjustified tax, the self-consumers will pay much
money for the power system maintenance than the other
users although the self-consumers use the power system
the least.

7. The Case of the United Kingdom

The study of integrated PV-BESs on the United Kingdom
FIT policy is addressed in [42]; McKenna et al. state that
the PV-BES combination in the UK is not a convenient
operation as, even if there is a feed-in tariff, there is no case
of financial convenience in adopting lead batteries. Such a
conclusion is valid even if considering ideal batteries with-
out leaks and with an optimistic life expectancy.

Given an exchange rate GBP/EUR of 1.235, the UK feed-
in tariff consists of a generation price of 21.0 p/kWh (about
€25.93c/kWh) and an export price of 3.2 p/kWh (about
€3.95c/kWh) paid for exported units. Assuming an import
price of 11.8 p/kWh (about €14.57c/kWh), the export/import
price ratio is 11 8/3 2 = 3 69. The authors used 5 minutes of
recorded data on 37 domestic dwellings with installed PV
modules; the sizes of PV systems range between 1.5 kW peak
and 3.29 kW peak. The battery is charged using surplus PV
generation and is discharged during the evening and at
night. The authors calculated that benefits amount to about
£30/year (approximately €37.05/kWh) for the larger combi-
nation PV-BES. Such a low value is mainly due to battery
inefficiency. Indeed, bill savings increase up to £110/year
(about €135.85/year) when assuming lossless batteries and
maintenance and installation costs are ignored.

Considering a theoretical maximum benefit of 8.6 p/kWh
(about €10.62c/kWh) of otherwise exported electricity and a
modest discount factor of 4% over 20 years, the target up-
front capital cost for the battery system to break even is
£707 (about €873.14). Since the cheapest lead-acid battery
system has an equivalent up-front capital cost of £3296
(about €4070.56), there is no economic case and specific
commercial opportunity, even for idealised lossless batteries
with optimistic lifetimes. The financial losses approach
£1000/year (about €1235) for a 570Ah battery storage system
integrated to a 3.29 kWp PV system when realistic efficiencies
and lifetimes are accounted for.

Lastly, McKenna et al. state that there is no case of eco-
nomic convenience in adopting lead batteries even for the
case of Germany and the Australian states of Queensland,
Victoria, and Western Australia. The reason is that the solar
resource in these countries is not dissimilar to that of the UK
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and the import/export price ratio for Germany (2.14) and
for the Australian states (3.13) are lower than those for the
UK (3.69).

8. The Case of Australia

Energy storage is one of the most critical topics facing energy
utilities; currently, Australia is one of the top five distributed
energy storage markets in the world. In 2015, the Australian
Energy Storage Council (ESC) focused on laying the founda-
tions for a successful long-term energy storage industry.
Both the industry and the government worked together to
develop standards and guidelines in order to ensure safe
and high-quality storage products. They have also invested
a considerable amount of time in providing clear informa-
tion to consumers. Over 1.5 million dwellings in Australia
have rooftop PVs; for those living in New South Wales,
the generation price is $0.60c/kWh whereas the export price
is about $0.06c/kWh. The Australian ESC has estimated that
two-thirds of daytime solar generation are delivered to the
grid. These plants are the expected results to incentive poli-
cies; today, these plants have paid off well. However, the
incentive policies in New South Wales, Victoria, and South
Australia are coming to an end, and therefore, the only right
choice for residential customers is to install a battery to store
excess generation during daytime and make it available at
night-time.

The study of integrated PV-BESs along with two pro-
posals of new FIT schemes in Australia is presented in
[43, 44]; Ratnam et al. and Weller et al. proposed an
optimization-based approach to scheduling residential bat-
tery storage with solar PV. The aim is to maximize the
electricity generation in order to achieve financial benefits
for residential customers and simultaneously alleviate the
utility burden associated with peak demand and reverse
power flow.

The financial benefits derived from a number of possible
FIT schemes proposed by the authors are explored in detail;
moreover, concrete examples of two FIT schemes commonly
used in Australia are also investigated. One of the FIT
schemes proposed by Ratnam et al. consist of a generous con-
stant FIT of $0.4/kWh; such a value is higher than peak time-
of-use billing but lower than the FIT offered in 2010 by North
South Wales which paid a generation price of $60c. In the
authors’ study, each residential customer has a Home Energy
Management system similar to the low-cost smartbox
presented in [45]. One day in advance, the home energy
management system forecasts the residential load and PV
generation; it receives the electricity prices for energy deliv-
ered to and from the grid and receives existing additional
incentives and then runs the optimization-based algorithms
to schedule the battery storage.

Ratnam et al. study 145 residential users with a PV system
and batteries; they considered measured load and generation
profiles over one year. These residential customers were
randomly selected from customers located in the low voltage
Australian distribution network, operated by the Ausgrid dis-
tributor; the network includes load centers in Sydney and
regional New South Wales. The battery capacity is initially

fixed to 10 kWh; subsequently, it varies within the range
0 kWh and 30 kWh. Thanks to the quadratic programme-
based minimization of the energy supplied by, or to, the grid
proposed by the authors, the PV-BES combination allows for
an overall average saving of between $350/yr and $100/yr per
residential customer.

9. The Case of Greece

There are thousands of Greek islands, yet only two hundred
of them are inhabited; most of them are off-grid areas, pow-
ered by diesel generators. Therefore, Greek islands represent
a unique opportunity for the integration of renewable energy
sources and battery storage. The size of these generators must
meet the peak demand, but their operation rarely generates
the peak power; often, their diurnal operation is highly vari-
able and fluctuates in accordance with the variable demand.
Moreover, diesel generators require fuel imports by ship;
naval transport is costly and leads to security risks. Therefore,
energy storage systems might eliminate or drastically reduce
reliance on diesel supplies.

The case of many Greek islands is studied in [46];
Krajačić et al. propose feed-in tariff schemes for different
energy storage systems such as pumped hydro, hybrid wind
pumped hydro, hydrogen, and combined PV-BESs. As an
example, the techno-economic analysis of a FIT policy to
promote the adoption of PV-BESs is performed considering
the case study of the island of Corvo. The island has about
400 inhabitants; the yearly electricity demand is approxi-
mately 1086MWhwith a load peak of 204 kW. Now, two die-
sel generators of 120 kW and two of 160 kW serve the island.
In order to calculate the subsidy for remunerating the adop-
tion of batteries along with PV modules, the authors estimate
the fuel savings achieved during operation thanks to the
adoption of batteries. For a battery capacity up to 40 kWh
mounted with a 4 kW inverter, the proposed remuneration
scheme is a fixed tariff of €53.8/kWh multiplied by battery
capacity. Further remuneration schemes are also proposed
for higher values of battery and inverter capacity, at different
penetration levels.

10. Conclusion

The paper presented a review on the recent developments of
photovoltaics integrated with battery storage system and
related feed-in tariff policies in the regulatory context of
Germany, Italy, Spain, the United Kingdom, Australia, and
Greece. The attention was focused on those integrated photo-
voltaic battery systems subject to incentivisation policies. The
paper showed that the self-consumption is the key factor for
the actual incentivisation policies; moreover, the paper con-
firmed that the feed-in tariff scheme is still the most effective
and widely considered scheme for promoting the integration
of storage batteries to existing or new photovoltaic systems.
The contributions mentioned in the paper agree with each
other about the adoption of integrated photovoltaic battery
systems; these contributions show a positive scenario and a
clear economic advantage in adopting such systems if the
storage technology is lithium-ion batteries.
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Germany confirms being one of the countries that firmly
believes and invests in renewables and storage; a new pro-
gramme for promoting the adoption of batteries started in
March 2016 with a budget of 30 million euros. In the paper,
studies of PV-BESs on the German FIT policy in commercial
and residential applications were reported. For commercial
applications, battery storage increases self-consumption sig-
nificantly, yet even unrealistic battery prices of less than
€200/kWh cannot lead to an economic solution. For the res-
idential applications, the use of lead batteries up to 5 kWh is
convenient since about four or five years, even in the absence
of subsidies and independently of an increase in the cost of
electrical energy. Other studies conclude that the adoption
of PV-BESs is a profitable operation for a battery system
price below €350/kWh when lithium-ion batteries substitute
for the lead ones.

Italy seems weighed down by the significant incentive
policy of systems for the exploitation of renewable sources
started in 2005 and lasted eight years. To date, Italy only
supports the installation of batteries with a special term con-
sisting in a tax reduction of the 50% of the batteries costs to
be spread in 10 years. The paper reported a costs/benefits
analysis of PV-BES considering real electrical energy con-
sumption data for approximately 400 domestic clients
spread over the Italian territory. A saving of approximately
150 euros for existing PV plants already incentivised by the
feed-in scheme is achieved thanks to the adoption of batte-
ries; this saving increases to approximately 170 euros in
the case of a new nonincentivised PV plants. The paper also
reported the economic viability of a novel feed-in tariff
scheme that solely rewards self-consumption; such a scheme
is applied to an existing Italian Public Administration and
allows a 50% self-generation, an 80% self-consumption,
and a 45% reduction of the electricity bill.

Spain is still experiencing the legacies of past incentive
policies but, with great strength and motivation, this country
has recently introduced a self-consumption support policy.
Unfortunately, the simultaneously introduction of the so-
called “solar tax” leads to the wide disapproval of customers
and industry trade associations in the recent Spanish self-
consumption support policies. Due to solar tax, the most of
end users connected to the low-voltage distribution grid with
an installed power no larger than 10 kW have to pay €0.049
for each self-consumed kWh.

The United Kingdom has an unpromising legislative
landscape at the moment; no incentives to companies and
no subsidies to households are offered to install energy stor-
age. But an optimistic feeling characterizes the UK storage
industry; such a feeling contrasts the conclusions of the
recent research contributions which affirm that, to date, the
PV-BES combination in the UK is not a convenient opera-
tion as there is no case of financial convenience in adopting
cost-effective and ideal lead-acid batteries.

Australia is one of the top five distributed energy stor-
age markets in the world; the major effort in 2015 of the
Australian Energy Storage Council has been lay the founda-
tions for a successful energy storage industry in the long term.
In June 2016, the Australian Capital Territory board launched
a proposal for the Next Generation Energy Storage Grants;

the government has allocated $2 million in funding five com-
panies to install solar storage homes and commercial build-
ings in Canberra. This paper reported the financial benefits
derived from a number of possible FIT schemes proposed
for this country; among them, the most attractive scheme is
a generous constant FIT, higher than peak time-of-use billing
but lower than the FIT offered in 2010. A case study of 145
residential customers with a PV-BES demonstrates that the
PV-BES combination allows for an overall average saving of
between $100/yr and $350/yr per residential customer.

Greece is currently experiencing a phase of difficulties
and uncertainties, a national economy devoted to address
crucial issues such as employment and welfare; as a result,
implementing policies aimed at encouraging the adoption
of PV-BES is not a priority to date. Despite this, Greece
maintains a high interest in PV-BESs because Greek islands
are thousands and diesel generators power most of them.
Therefore, battery storage represents a unique opportunity
for the effective integration of renewable energy sources in
these off-grid areas. The techno-economic analysis of a FIT
policy to promote the adoption of PV-BESs in the island of
Corvo was presented in the paper.
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This study proposed an exhaust air heat recovery and solar energy combined thermal compensation system (ESTC) for ground-
coupled heat pumps. Based on the prediction of the next day’s exhaust air temperature and solar irradiance, an optimized thermal
compensation (OTC) method was developed in this study as well, in which the exhaust air heat recovery compensator and solar
energy compensator in the ESTC system run at high efficiency throughout various times of day. Moreover, a modified solar term
similar days group (STSDG) method was proposed to improve the accuracy of solar irradiance prediction in hazy weather. This
modified STSDG method was based on air quality forecast and AQI (air quality index) correction factors. Through analyzing
the operating parameters and the simulation results of a case study, the ESTC system proved to have good performance and
high efficiency in eliminating the heat imbalance by using the OTC method. The thermal compensation quantity per unit energy
consumption (TEC) of ESTC under the proposed method was 1.25 times as high as that under the traditional operation method.
Themodified STSDGmethod also exhibited high accuracy. For the accumulated solar irradiance of the four highest daily radiation
hours, the monthly mean absolute percentage error (MAPE) between the predicted values and the measured values was 6.35%.

1. Introduction

Ground-coupled heat pump (GCHP) systems are commonly
utilized in many countries [1, 2]. However, the efficiency
of most of GCHP systems decreases over time due to
underground thermal imbalance [3–6]. Previous researchers
have addressed this problem from a variety of perspectives:
increasing borehole spacing or depth, using ground heat
exchangers in different zones or increasing the natural heat
recovery time by reducing the operation time of each ground
loop zone [7–10]. Existing solutions for underground thermal
imbalance are useful butmerit further improvement. Increas-
ing borehole spacing is limited to geological conditions,
construction difficulties, and engineering costs; reducing
the operation time of ground heat exchangers in each area
necessitates extra boreholes, requiringmore space and raising
initial costs [11, 12].

Many new buildings in China have been constructedwith
hybrid-GCHP systems designed to minimize underground

thermal imbalance [13–15]. In cold regions, boilers or solar
systems are often applied to compensate for hybrid-GCHP
heating operation [1, 16–21]. Boilers can effectively prevent
cold accumulation in a hybrid-GCHP, but as they run on
fossil fuels, their energy efficiency is low. Si et al. [22]
analyzed the performance of a GCHP system assisted by
solar collectors to find that supplementationwith solar energy
indeed keeps the system running efficiently over long-term
operation. In another study on the use of solar collectors
to supplement ground heat exchangers, scholars found that
the combination effectively recovers the wall temperature of
boreholes [23]. However, the stability, efficient working hours
and effective heating loads of the solar thermal compensation
and heating are not ideal enough for cold regions, due to the
impact of hazy, cloudy weather conditions and low outdoor
temperature [24, 25]. Some new solar energy systems that
show potential as compensators were developed in [26, 27].
However, these systems cannot work well enough during
the cold winter months in northern China. Nonetheless, the
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Table 1: Main device status in three modes.

Number Equipment
mode

Electric
valve
(V1)

Electric
valve
(V2)

Electric
valve
(V3)

Electric
valve
(V4)

Electric
valve
(V5)

Electric
valve
(V6)

Electric
valve

(V7, V8)

Electric
air valve
(VA-1)

Electric
air valve
(VA-2)

Operation
mode 1

Heating or
cooling Off Off Off On On On Off Off On

Operation
mode 2

Heating plus
thermal

compensation
On On Off Off On On On or off On Off

Operation
mode 3

Thermal
compensation On Off On Off Off Off On or off On Off

solar irradiance is sufficient during the nonheating seasons,
especially in summer months. Although solar energy can be
applied for heat compensation, thermal storage, and elimi-
nation of cold accumulation throughout the year, it is clearly
that gathering solar energy could increase soil temperature
and reduce the efficiency of the cooling system significantly
in summer [24, 25, 28]. You et al. [29] attempted to resolve
the GCHP thermal imbalance problem by designing an air-
source heat compensator to solve the underground thermal
imbalance of GCHP. However, the initial cost and extra oper-
ation energy consumption of the air-source heat compensator
are relatively high. Wu et al. [30] reported that the ground-
source absorption heat pump was superior to the ground-
source electrical heat pump and the former could be used
as a potential solution for eliminating the ground thermal
imbalance of GCHP in cold regions. However, the ground-
source absorption heat pump is not suitable for the buildings
that required long-period cooling due to the relatively low
coefficient of the performance for cooling.

Also, although numerous studies focusing on the exhaust
air heat recovery have been conducted [31–33], few studies
were reported to recover waste heat from the exhaust air of
the electricity transformation and distribution (ETD) room.
However, the exhaust air of ETD rooms is a good low-
grade energy resource for waste heat recovery and heat
compensation, since its temperature is high and the ETD
room runs on the same schedule as GCHP systems.

Aiming to improve the efficiency of the hybrid solar
energy heat compensator for ground heat exchangers, this
study proposed a new exhaust air heat recovery and solar
energy combined thermal compensation system (ESTC) for
ground-coupled heat pumps. A novel optimized thermal
compensation (OTC) method based on parameters predic-
tions was also developed correspondingly.

2. ESTC-GCHP System

2.1. ESTC-GCHP System. A schematic diagram of the ESTC-
GCHP is shown in Figure 1. This system integrates an
exhaust air heat recovery unit (EAHRU) and a solar ther-
mal collector on the ground heat exchanger loop of the
conventional GCHP system for thermal compensation. The
ESTC-GCHP has three different kinds of operating modes:
heating (cooling) mode, heating plus heat recovery mode,
and thermal compensation mode. Thermal compensation

in the latter two modes can be achieved by the EAHRU
and/or solar collector. The EAHRU also includes a by-pass
air pipe and two switching air valves through which exhaust
air is directly discharged in spring and summer. The status
of each motor-driven valve under the three operation modes
is shown in Table 1. In this study, the EAHRU uses the
exhaust air from the ETD room as the air source, because
the ETD room has high indoor temperature and runs on the
same schedule as the heating system. Moreover, there is a
complementary relationship between the ETD-EAHRU and
the solar collector.

2.2. Corresponding Zone Scale of ESTC. The EAHRU system
recovers and uses “free” dissipation heat of power distribu-
tion equipment in ETD room. Thus the EAHRU’s thermal
compensation capacity is essentially determined by the scale
of the ETD room. For most of the GCHP-heating buildings
which contain an ETD room or are close to a district-
level ETD room, the EAHRU has a good chance to play an
important role in heat compensation.The following equation
was defined to estimate the heating load (𝑄EAHRU) of the
construction zone to be served by the EAHRU:

𝑄EAHRU = 𝑄tot × 𝑄re𝑄AHE − 𝑄AHR
 . (1)

𝑄re, 𝑄tot, 𝑄AHE, and 𝑄AHR in (1) can be determined by load
simulation and the method in Section 3.1 during the HVAC
design stage.

The capacity of solar collectors in the ESTC can be
adjusted by increasing or decreasing the quantity of solar
collectors. Thus, when designing and applying an ESTC
system, it is necessary to estimate 𝑄EAHRU and determine
the corresponding building zone scale of the EAHRU system
at first. After that, the scale of solar collectors can be
determined. In this way, the heat compensation capacity of
the EAHRU and ESTC could match not only the scale of the
construction zone but also that of the corresponding ground
heat exchanger zone.

3. OTC Method

For the purpose of improving the operation efficiency of the
ESTC system, an optimized thermal compensation (OTC)
method was developed in this section. To examine the
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Figure 1: Schematic diagram of ESTC-GCHP.

necessity of the proposed OTC method, the daily variation
tendency of ESTC thermal compensation capacity was dis-
cussed firstly.

3.1. Thermal Compensation Capacity of the ESTC

3.1.1. Capacity of the EAHRU. Due to the relatively low
moisture content of the ETD room exhaust air, there was

only sensible heat exchange process in the EAHRU examined
here. The heat compensation capacity of the EAHRU can
be calculated using the temperature of the exhaust air and
the performance model provided by manufacturers. Figure 2
shows the calculated thermal compensation capacity of an
EAHRU in a typical building in Beijing under 15∘C inlet water
temperature and various ETD room exhaust air temperatures
on January 15, 2015. The thermal compensation capacity and
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Figure 2: Thermal compensation capacity of ETD-EAHRU on
January 15, 2015.

exhaust air temperature share similar trends and are almost
entirely unaffected by outdoor temperatures.

3.1.2. Capacity of Solar Collectors. The capacity of solar
collectors can be calculated by the following equations based
on the performance model provided by manufacturers [34,
35]:

𝑄𝐻 = 𝐽𝑇 × 𝜂𝑐 × (1 − 𝜂𝐿) × 𝐴𝐶
3600 × 𝑓 , (2)

where𝑄𝐻 is the heat-collecting capacity of the solar collector
(W), 𝐽𝑇 is the hourly solar irradiance quantity (J/m2⋅h), 𝑓 is
the solar fraction (%), 𝜂𝑐 is the average efficiency of the solar
collector based on the gross collector area (%), 𝜂𝐿 is the heat
loss rate of pipeline and heat storage device (%), and𝐴𝐶 is the
gross collector area (m2).

𝜂𝑐 = 𝜂0 − 𝑎1𝑇∗ − 𝑎2𝐺 (𝑇∗)2 , (3)

where 𝜂0 is the heat collector efficiency when 𝑇∗ = 0 (%),
𝑎1 is a constant with 𝑇∗ as a reference, 𝑇∗ is the normalized
temperature difference (m2⋅K/W), 𝑎2 is a constant with 𝑇∗ as
a reference, and 𝐺 is total solar irradiance (W/m2).

𝑇∗ = 𝑡𝑖 − 𝑡𝑎
𝐺 , (4)

where 𝑇∗ is the normalized temperature difference (m2⋅K/
W), 𝑡𝑖 is the working medium inlet temperature of the solar
collector (∘C), and 𝑡𝑎 is the ambient temperature (∘C).

Figure 3 shows the calculated thermal compensation
capacities of solar collectors on a typical day as-calculated
via (2)–(4). As shown in Figure 3, the thermal compensation
capacity of the solar collectors changed with varying solar
irradiance.
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Figure 3: Thermal compensation capacity of solar collectors on
January 15, 2015.

3.2. OTC Method

3.2.1. Principle of OTC Method. At the same circulating
water temperature, the thermal compensation capacity of
the EAHRU and solar collectors in the ESTC system were
mainly determined by the temperature of the exhaust air
and the solar irradiance, respectively. As shown in Figures
2–4, the maximum and minimum values of the exhaust
air temperature and solar irradiance appeared at different
times. Thus, the peak thermal compensation capacity of the
EAHRU and the solar collectors also emerged at different
times. Furthermore, the thermal compensation capacity per
unit energy consumption of the EAHRU and solar collectors
were different in the two systems. Thus, the high-efficiency
operating periods of these two systems were also different.

As shown in Figure 4, the extremum of the thermal
compensation capacity of EAHRU occurred in the morning
and evening when the electrical load of the air condition-
ing and lighting systems was highest in winter. However,
the extremum of the solar radiation intensity and thermal
compensation capacity of solar collectors occurred at noon.
Therefore, it is necessary to set an appropriate operation
schedule for these two systems.

To ensure both systems (and the ESTC as awhole) operate
efficiently, we proposed an optimized thermal compensation
(OTC) method based on the parameters prediction. Figure 5
shows the flow chart of the OTC method. Based on the
weather forecast parameters, predictions of the next day’s
exhaust air temperature and solar irradiance are primarily
needed in the OTC method. These predicted values can
subsequently be used to calculate the thermal compensation
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Figure 4: Thermal compensation capacity of solar collectors and
EAHRU on January 15, 2015.

capacity of the EAHRU and solar collectors. Finally, the
highest efficiency period of the EAHRU and solar collectors
during the day could be set as the effective working time for
the next day’s schedule.

The proposed OTC method can be used to improve
the thermal compensation efficiency of the EAHRU and
solar collectors combined thermal compensation system. For
example, during times when the solar radiation intensity is
low at dusk, the building’s heat gain and thermal compen-
sation efficiency of the solar collectors decrease though the
heating load of the building increases. The increasement of
heating load then leads to the improvement of the electrical
load and the rising of exhaust air temperature of the ETD
room. Consequently, the thermal compensation capacity and
efficiency of the EAHRU are enhanced with higher inlet
air temperature. Under the OTC method, the EAHRU runs
during this period while the solar collectors are shut off.

Applying the OTC method, both the EAHRU and the
solar thermal systems can operate in the high-efficiency
period. However, the method requires accurate prediction
of the next day’s ETD room exhaust air temperature and
solar irradiance. Thus, parameters prediction method is an
essential part of the OTC method.

3.2.2. Parameter Prediction Method

(1) Prediction of Exhaust Air Temperature. The exhaust air
temperature of the ETD room not only is associated with the
temperature of the makeup air from outdoors but also has a
positive correlation with the equipment heat dissipation of
the building’s electrical load (including the air conditioning

system’s electrical load, illumination load, elevator load, office
equipment load, and kitchen equipment load).

Thus, we used a modified GM (1, 1)model [36, 37] based
on temperature measurements and weather forecast param-
eters to predict the next day’s hourly dry-bulb temperatures
of the ETD room exhaust air. The principles of the modified
GM (1, 1)model are as follows.

For any given time series data,

𝑋(0) = {𝑋(0) (𝑡)} , 𝑡 = 1, 2, . . . , 𝑛. (5)

In this study, the time series data are the hourly dry-bulb
temperatures of the ETD room exhaust air.Through the first-
order accumulated generating operation (1-AGO), the regular
and smooth new data sequence is obtained from the original
data sequence:

𝑋(1) = {𝑋(1) (𝑡)} , 𝑡 = 1, 2, . . . , 𝑛, (6)

where

𝑋(1) (𝑘) = 𝑋(0) (1) + 𝑋(0) (2) + ⋅ ⋅ ⋅ + 𝑋(0) (𝑘)

= 𝑘∑
𝑗=1

𝑋(0) (𝑗) . (7)

Therefore, the first-order differential equation is estab-
lished as GM (1, 1):

𝑑𝑋(1)
𝑑𝑡 + 𝑎𝑋(1) = 𝑏. (8)

The solution is

�̂�(1) (𝑘 + 1) = [𝑋(0) (1) − 𝑏
𝑎] 𝑒
−𝑎𝑘 + 𝑏

𝑎 . (9)

Then, the predicted values for the original data can
then be obtained by the inversed accumulated generating
operation:

�̂�(0) (𝑘 + 1) = �̂�(1) (𝑘 + 1) − �̂�(1) (𝑘) . (10)

To improve the calculation accuracy, we used the follow-
ing day’s three-hourly maximum and minimum temperature
forecasts by the China Meteorology Administration to calcu-
late the scale factors for every three-hour period from 00:00
to 24:00.

The scale factors of the GM (1, 1) model can be defined as

𝛿ℎ = 𝑥ℎ − 𝑥avg
𝑥𝑝,max − 𝑥avg

𝛿𝑙 = 𝑥avg − 𝑥𝑙
𝑥avg − 𝑥𝑝,min

.
(11)

The grey model (GM (1, 1)) corrected by the forecasted
weather data is called the modified grey model (modified
GM (1, 1) model). The exhaust air’s dry-bulb temperature on
January 15, 2015, (i.e., a typical working day) was taken as an
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Figure 5: Flow chart of the OTC method.
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Figure 6: Comparison of measured and predicted hourly exhaust
air dry-bulb temperature on January 15, 2015.

example. As shown in Figure 6, the curve of the predicted
dry-bulb temperature matches that of the measured values;
the MAPE of the hourly dry-bulb temperature for nine hours
of this typical day was 6.41%, which is acceptable.

(2) Prediction of the Next Day’s Hourly Solar Irradiance. The
“solar term similar days group” (STSDG) method [38], a
solar irradiance predictionmethod that utilizes DeSTmeteo-
rological library and weather forecast parameters as inputs,
was applied here for hourly solar irradiance correction.
MARKOV chain and Collares-Pereira and Rabl model were
used to calculate the hourly total solar irradiance of the DeST
meteorological library [39]. The direct and diffuse radiations
were calculated by using Liu and Jordan model [40].

The 360-degree solar celestial longitude was divided into
24 equal parts of 15 degrees each, as a solar term, by ancient
Chinese scholars. We subdivided a whole year into 72 equal
parts of 5 degrees each, each with a duration of 5 to 6 days.

A “solar term similar days group” (STSDG) was defined
for the 5 to 6 day periods with similar solar irradiance and
meteorological conditions [38]. As an example, the similar
days group subdivision period from January 6 to February
18 is shown in Table 2.

Assuming that atmospheric pollution influence is ignored
in the STSDG method, the relation between total solar
irradiance and a given period of solar irradiance outside the
atmosphere is associated with cloud amount (the volume of
cloud). Clearness index𝐾𝑡 can be used to measure the cloud
amount degree [41–45]. Clearness index (𝐾𝑡 = 𝐻/𝐻0) is the
ratio of the total horizontal solar radiance 𝐻 on the earth to
the solar irradiance of𝐻0 extraterrestrial [46].

It is worth noting that, due to the good air quality during
the summer in Beijing [47], the decay in forecast accuracy
caused by air pollution is negligible when the STSDGmethod
is used during the summer months. However, the impact
of air pollution on solar irradiance prediction accuracy
must be taken into account in certain regions (some large
metropolitan areas such as Beijing andNewDelhi) during the
winter, due to the high frequency of severe air pollutants in
these regions in recent years [48].

Qi et al. [49] provided a meaningful discussion on air
pollution as an important factor affecting the surface total
solar irradiance in China. Based on three years of observa-
tional data published by the National Weather Service and
National Environmental Quality Inspection Station, Wang et
al. [50] identified a regressive relation between air quality
index (AQI) and global solar irradiance under sunny weather
condition. Tao et al. [51] found that the AQI has a significant
influence on global solar irradiance when the cloud amount
is low (CL < 0.3), but, under higher cloud amount or in
foggy weather, the AQI has negligible influence when the
solar irradiance is mainly reduced by cloud or fog. Based on
previous studies, this manuscript adopted amodified STSDG
method inwhich themaximumhourly global solar irradiance
in low cloud days (CL < 0.3) predicted by the normal
STSDG method is corrected using an AQI correction factor
calculated based on [51]. Figure 7 shows the correction factor
of global solar irradiance based on AQI. The corresponding
weather conditions of low cloudy day (CL < 0.3) in weather
forecasting are sunny or sunny with haze.
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Table 2: The similar days group subdivision based on 24 solar terms of ancient China.

Solar term Sequence of similar
days group Date Number of days Sequence number

of days (𝑛)
Solar celestial
longitude

Slight cold (23rd solar
term)

XH-1 Jan. 6∼Jan. 10 5 3∼7 285–290
XH-2 Jan. 11∼Jan. 15 5 8∼12 290–295
XH-3 Jan. 16∼Jan. 20 5 13∼17 295–300

Great cold (24th solar
term)

DH-1 Jan. 21∼Jan. 25 5 18∼22 300–305
DH-2 Jan. 26∼Jan. 30 5 23∼27 305–310
DH-3 Jan. 31∼Feb. 3 4 28∼31 310–315

Spring begins (1st solar
term)

LC-1 Feb. 4∼Feb. 8 5 32∼36 315–320
LC-2 Feb. 9∼Feb. 13 5 37∼41 320–325
LC-3 Feb. 14∼ Feb. 18 5 42∼46 325–330

Global solar irradiance
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Figure 7: Correction factor of global solar irradiance based on AQI.

Also, due to the severe air pollution condition, the Mete-
orology Administration in Beijing has integrated air quality
forecast with the weather forecast during winter months.
When the weather condition is cloudy and the air pollution
degree exceeds “mild” levels (AQI > 100), the weather
conditions in Beijing are officially described as “hazy.”The air
pollution forecast based on AQI according to the air quality
index code [52] is also provided at the same time. Table 3 gives
the relations between clearness index, weather, air quantity
forecast, and the solar irradiance of Beijing in the similar days
group (XH-2) according to the traditional STSDG method.
Twokinds of newpossibleweather conditions, which are haze
with severe or heavy pollution ( AQI > 200) and haze with
medium or mild pollution (200 > AQI > 100), were added in
this table to take advantage of the upgraded weather forecast.

Table 4 shows the process usingmodified STSDGmethod
to forecast solar irradiance in similar days. Due to the
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Figure 8: Comparison of measured and predicted hourly solar
irradiance of Beijing on January 15, 2015.

randomness of instantaneous meteorological conditions and
other factors, the MAPE of maximum global solar irradiance
obtained via STSDG method was 18.26%, which is close to
that obtained via traditional prediction methodology [53].

In the buildings that utilize solar energy systems in winter
to compensate heat for underground heat exchangers, it is
necessary to calculate the accumulated quantity of heat gain
by solar collectors to determine the total heat compensation
quantity rather than to calculate the transient heat gain.Thus,
during solar irradiance prediction, it is very important to
obtain accurate accumulated solar irradiance during high-
efficiency periods. Figure 8 is the comparison of the predicted
and measured hourly global solar irradiance on a typical
day. The absolute percentage error (APE) of the predicted
hourly global solar irradiance was relatively high, averaging
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Table 3: Range of hourly total solar irradiance RR corresponding to Kt in XH-2 similar days group.

Kt range
Serial number of

cleanness index range
Possible weather

conditions

Total solar
irradiance range

RR (w/m
2)

The maximal hourly
total solar irradiance

range RR in
DS-1 (w/m2)

Data sources

0∼0.15 KT1

Overcast but may
transform to rain

and
Haze (severe or
heavy pollution)

20.5∼81.3 24.87 Dest 1.14

0.15∼0.28 KT 2
Overcast and will
not transform to

rain
81.3∼162.5 115.6 Dest 1.13

0.28∼0.5 KT 3
Weather transform
between cloudy
and overcast

162.5∼421.0

407 2012.1.15
290 2013.1.12
191 2013.1.13
375 2013.1.14
338 2013.1.15

169.94 Dest 1.12
319.34 Dest 1.15
345.95 Dest 1.16
304.5

0.5∼0.74 KT 4

Weather transform
between cloudy
and sunny, haze
(medium or mild

pollution)

421.0∼806.8

610 2012.1.12
715 2012.1.13
804 2012.1.14
787 2014.1.12
642 2014.1.13
627 2014.1.14
723 2014.1.15
701.1

0.74∼1 KT 5 Sunny and sunny
with hazy 806.8∼1176.3 809 2012.1.14

18.5%. However, the APE between the predicted and mea-
sured values of accumulated daily solar irradiance was only
4.7%. In the four time points with the highest global solar
irradiance (11:00 to 14:00), the APE between the accumulated
measured value and accumulated forecasted value of global
solar radiation was only 8.60% in the typical day. The results
were similar for other days. Consequently, although using the
modified STSDG method to predict hourly solar irradiance
is not quite sufficiently accurate, the results do have good
accuracy regarding accumulated solar irradiance.

4. Experiment of ESTC

To evaluate the performance of the ESTC-GSHP system and
OTC method, an office building installed with an ESTC-
GSHP system was chosen as the research object in this study,
and a one-year experimental operation was conducted.

4.1. Research Object. The air conditioning system in the
building examined here was designed with zonal cooling
and heating to adapt to the operational demands of the

ESTC system. The selected experimental zone for ESTC
has a simulated maximum cooling load of 139.8 kW and a
simulated maximum heating load of 151.2 kW. The building
has an ETD room equipped with two 630 kVA transformers
which deliver service to the office building and several nearby
buildings. A mechanical exhaust system was adopted to
remove heat released by the equipment. The heating load
of the construction zone served by EAHRU (𝑄EAHRU) was
98.7 kW by our calculations based on (1), which accounted
for 65.3% of the total heating load of the building. Combined
with the solar collectors, 100% of the ground heat exchanger
could be thermally compensated for by the ESTC system
in this building. In other buildings with relatively smaller
ETD room or larger heating load, more solar collectors
can be applied to ensure the sufficient quantity of thermal
compensation.

4.2. Experimental Method. A one-year operating test was
conducted from January 12, 2015, to January 12, 2016, in the
office building described above. The transition season was
defined as the period between September 20 and November
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Table 5: Operation schedules of the two kinds of thermal compensation system on January 15.

System Time
7:30∼9:30 9:30∼10:30 10:30∼11:30 11:30∼12:30 12:30∼13:30 13:30∼14:30 14:30∼17:30

EAHRU √ — — — — — √
Solar collectors — — — √ — — —
EAHRU plus Solar collectors — — √ — √ √ —

14 and the heating season between November 15 and March
15 of the following year. To minimize the effect of thermal
compensation on the cooling efficiency in summer, the
ESTC-GCHP system was put into service in autumn and
winter and taken out of service in spring and summer.

An automatic control system was employed to control
and monitor the heat pump unit, the ground heat exchanger
circulating pump, the heating circulating pump, and various
electrically operated water valves and air valves, as well as
to measure and record the water inlet/outlet temperatures of
the condenser and evaporator of the heat pump unit. The
supply and return water temperatures and heat exchange
quantity of the ground heat exchanger were measured by
a set of thermal meters on the main supply and return
water pipelines. Seven PT1000 temperature sensors installed
in the measuring well at intervals 10m from the ground
surface in the ground heat exchanger zone measured the
underground rock-soil mass temperature; the average of the
seven measured temperatures was considered the formation
temperature of the underground rock-soil mass.

4.3. Optimal Operation. Both compensation systems func-
tioned with better performance after they were optimized
throughOTCmethod.Thus, OTCmethod owns large poten-
tials for both improving the efficiency and reducing the
energy consumption of thermal compensation.Theoperation
schedules of both thermal compensation systems on January
15, 2015, are shown in Table 5. The system began to operate
at 7:30 am, half an hour before the working time. As shown
in Table 5 and Figure 4, the EAHRU and solar collectors
were set to work at their high-efficiency periods according to
the thermal compensation capacities, which were calculated
based on the predicted exhaust air temperature and solar
irradiance.

5. Results and Analysis

5.1. Evaluation Index. The following indexes were defined to
evaluate and analyze the performance of the ESTC-GCHP
system.

5.1.1. Thermal Compensation Per Unit Energy Consumption
(TEC). TEC was defined as the ratio of the thermal com-
pensation quantity (𝑃𝑐) to the power consumption during the
thermal compensation process (𝑃𝑖):

TEC = 𝑃𝑐
𝑃𝑖 . (12)

Table 6: Components used in TRNSYS simulation.

Weather data Type 15–3.

Cooling and heating load Type 9e (Read load files generated by
EnergyPlus)

EAHRU Equation component
Solar collectors Type 1b
Closed water mixing tank Type 60b
Ground heat exchanger Type 557a
Heat pump Type 668
Circulation pumps Type 110
Valves Type 647 and type 649
Fans Type 3a
Load terminal Type 682
Simulation output Type 65 and type 25

Controllers Type 14 h, type 14l, type 14k, and the
Equation component

The higher the efficiency of the thermal compensation
system, the greater the TEC value.

5.1.2. Correlation Coefficient. The correlation coefficient (𝑅)
is used to evaluate the linear correlation between the solar
irradiance and AQI [54]:

𝑟 = ∑𝑛𝑖=1 (𝑋𝑖 − 𝑋) (𝑌𝑖 − 𝑌)
√∑𝑛𝑖=1 (𝑋𝑖 − 𝑋)2√∑𝑛𝑖=1 (𝑌𝑖 − 𝑌)2

, (13)

where𝑋 and 𝑌 are two groups of different variables.

5.1.3. Thermal Imbalance Ratio (TIR). TIR was defined to
assess the thermal imbalance level of the ground heat
exchanger:

TIR = 𝑄AHR − 𝑄AHE
max (𝑄AHR, 𝑄AHE) × 100%, (14)

where 𝑄AHR is the annual accumulated heat rejected into
underground during the cooling season and 𝑄AHE is the
annual accumulated heat extracted from underground dur-
ing the heating season [55].

5.2. Underground Thermal Balance Analysis. The perfor-
mance of the ESTC-GCHP system in the office building was
simulated by using TRNSYS. A traditional GCHP system
with the same capacitywas also simulated.TheTRNSYS types
used in this study were listed in Table 6.
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Figure 9 illustrates the TIR of GCHP and ESTC-GCHP
in 10 years. As shown in Figure 9, the normal GCHP system’s
TIR was higher, the annual average value was −21.23%, and
the peak was −34.8% in the first year. By contrast, the TIR
of the ESTC-GCHP system showed no significant change
over 10 years of operation and was smaller than 2.50% all
the time. The average value of TIR in 10 years was 1.78%,
and the calculated TIR based on experimental data in the
first year was 2.16%. These results indicate that the ESTC-
GCHP system is a feasible and effective approach to resolving
underground thermal imbalance.

5.3. Soil Temperature. The simulated average annual soil
temperatures of the GCHP and the ESTC-GCHP systems are
presented in Figure 10. As shown in Figure 10, the average
soil temperature of the GCHP system dropped from 16.63∘C
to 13.01∘C, while the mean annual temperature declined
0.36∘C during the 10-year operation period. However, the
underground temperature of the ESTC-GCHP system was
relativelymore stable overall, with a drop of only 0.11∘C (from
16.13∘C to 16.02∘C) over the 10-year period, since the heat
extracted from soil was approximately equal to the rejected
heat. These results show that the ESTC-GCHP system can
compensate for heat losses to the ground heat exchanger and
could be used to efficiently eliminate the continuous decline
of underground temperatures.

Due to the large thermal inertia of soil, short transient
parameters cannot reflect the heat balance of the ground heat
exchanger.Thus, theweekly average temperaturewas adopted
to represent the thermal balance conditions of the soil on a
yearly basis. As shown in Figure 11, during the first year of
the operational test, the week-round soil average temperature
for the first week was found to be 16.62∘C. The mean soil
temperature of the last week was 15.89∘C, which decreased to
0.73∘C in a year.Themeasured soil average temperature of the
ESTC-GCHP system in the firstweekwas 16.81∘C,while it was
17.57∘C in the last week. In other words, the soil temperature
slightly increased instead of decreasing, indicating that the
rejected thermal quantity already exceeded the extracted
thermal quantity of the ESTC-GCHP system.

5.4. Prediction Results of Exhaust Air Temperature of ETD
Room. Officebuildings andother large commercial buildings
provide better conditions for the prediction of electric load
and other related parameters due to standardized property
management and routine work hours. Thirty-one days (Jan-
uary 12 to February 11, 2015) were taken as a typical month.
Figure 12 shows the low and slowly decreasing APE of the
predicted ETD’s exhaust air temperature determined by using
modified GM (1, 1) model in the typical month; the monthly
MAPE was 4.26%.

The historical data input to the modified grey model in
the early days of the operation period were collected during
the trial operation; thus the APE of early days was high.
However, the accuracy of the forecastingmodelwas improved
along with the accumulation of historical data during the
official operation period. Thus, the modified grey model
could accurately forecast the exhaust temperature of the
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Figure 9: Thermal imbalance rates of GCHP and ESTC-GCHP.
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Figure 10: Simulated yearly average simulated soil temperature of
GCHP and ESTC-GCHP.

ETD room.Moreover, the MAPE between the calculated and
measured values of thermal compensation quantity, 8.1%, was
within an acceptable range. Additionally, the MAPE between
the calculated and themeasured values of cumulative thermal
compensation quantity was 6.9%. Therefore, the prediction
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Figure 11: Simulated andmeasuredweekly average soil temperature.
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Figure 12: APE betweenmeasured and predicted hourly exhaust air
temperature in Beijing (typical month).

accuracy was satisfactory for the planning of the next day’s
system operation schedule.

5.5. Prediction Results of Solar Irradiance. A comparison of
the next day’s predicted andmeasured global solar irradiance
over a typical month is shown in Figure 13. The daily
variation trend of these two values was coincident, but not
without error. The MAPE between the measured global
solar irradiance and the global solar irradiance predicted via
modified STSDG method was 11.19% for a typical winter

Predicted global solar irradiance by modifed STSDG method
Measured global solar irradiance
Predicted global solar irradiance by STSDG method
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Figure 13: Comparison of measured and predicted daily max solar
irradiance in Beijing (January 12–February 11, 2015).

Global Solar irradiance

y = −1.8636x + 819.88

R2 = 0.5164

0

100

200

300

400

500

600

700

800

900

1000

G
lo

ba
l s

ol
ar

 ir
ra

di
an

ce
 (k

J/h
·m

2
)

50 100 150 200 250 300 350 4000
AQI

Figure 14: Correlation analysis between measured daily max AQI
and max solar irradiance in Beijing (January 12–February 11, 2015).

month but was 26.71% according to the traditional STSDG
model.

As shown in Figure 14, in the typical month, a high
negative correlation between the extremum of AQI and the
maximum of global solar irradiance was found through
the analysis of measured values. The maximum of solar
irradiance decreased as AQI increased. R2 of the linear
correlation between these two parameters was 0.516, and the
correlation coefficient (𝑅) was −0.719.
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Figure 15: Comparison of measured and predicted daily accumu-
lated solar irradiance in Beijing (January 12–February 11, 2015).

Additionally, Figure 15 shows that the measured daily
accumulated global solar irradiance of a typical month was
highly correlatedwith dailymax value ofAQI.The correlation
coefficient (𝑅) between these two parameters was −0.616.
The predicted daily accumulated global solar irradiance
determined via modified STSDG method exhibited higher
accuracy; the MAPE between the predicted and measured
values was 8.23% for a typical month. Furthermore, as shown
in Figure 16, the accumulated global solar irradiance of
the four-hour period with the highest radiation was more
accurately predicted; the monthly MAPE was 6.35%. The
correlation coefficient (𝑅) with AQI was −0.530.

Since there is high correlation in winter between the
maximum global solar irradiance and AQI, it is crucial to
include the AQI correction factor in the modified STSDG
method to improve the prediction accuracy of global solar
irradiance during polluted weather conditions. The com-
parison results indicated that the modified STSDG method
has better prediction accuracy than the traditional STSDG
method.

Moreover, as shown in Figure 17, R2 of the linear correla-
tion between the measured daily extreme values of AQI and
solar irradiance was 0.2197 for the whole year, much lower
than R2 value for a typical winter month. The correlation
coefficient (𝑅) for the year was −0.469, which was also much
lower than that in the typical month. These results indicated
insignificant correlation between these two extreme values
over a one-year period, since the air quality in Beijing ismuch
better in spring and summer than in autumn and winter.

Figures 18 and 19 demonstrate that the predicted heat-
collecting capacities by solar collectors were close to the
measured values and were highly negatively correlated with
AQI over the typical month we assessed.TheMAPE between
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Figure 16: Comparison of measured and predicted daily accumu-
lated solar irradiance of top four hours in Beijing (January 12–
February 11, 2015).
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Figure 17: Correlation analysis between daily max AQI and max
solar irradiance in Beijing (January 12, 2015–January 12, 2016).

the predicted daily maximum heat-collecting capacities and
the measured extremums was 13.15%. Moreover, in regard to
the accumulated values of the four highest radiation hours,
the MAPE was as low as 7.63%.

5.6. Comparison between Conventional Strategy and OTC
Method. An operation experiment of thermal compensation
system was conducted in the office building for a whole
year, from January 12, 2105, to January 12, 2016. In this
experiment, the OTC method was adopted to determine the
operation schedules for the EAHRU and solar collectors.
Using January 15, 2015, as an example day, as shown in
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Figure 18: Daily maximum heat-collecting capacity of solar collec-
tors in a typical month.
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Figure 19: Accumulated heat-collecting capacity of the four highest
radiation hours in a typical month.

Figure 4 and Table 5, the EAHRU was set to work during the
high exhaust air temperature period,while the solar collectors
can work during the high solar irradiance period in OTC
operation mode. As shown in Figures 20 and 21, the OTC
operation mode fully took advantage of the high-efficiency
period of the EAHRU and solar collectors based on the
predicted parameters shown in Figures 6 and 8. The results
shown in Figure 22, however, indicate that, compared with
the normal combined operationmode, a small portion of heat
was abandoned during OTC operation when the system was
stopped during the low-efficiency period.

Nevertheless, as shown in Figures 23 and 24, the daily
accumulated energy consumption of OTC operation mode
was much lower than that of the normal combined operation
mode. The daily accumulated TEC of OTC operation mode
was also much higher than the normal combined operation
mode. Although the thermal compensation quantity under
OTC operation mode was 75.7% of that under conventional
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Figure 20: Thermal compensation quantity of combined operation
mode and OTC operation mode on a typical day.
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Figure 21: TEC of combined operation mode and OTC operation
mode on a typical day.

one, the corresponding electrical energy was merely 55.6%,
whichmeansOTCoperationmode is superior to normal one.

Figure 25 illustrates the yearly comparison of TEC,
energy consumption, and thermal compensation of the OTC
operation mode and traditional combined operation mode.
As shown in Figure 25, the measured yearly accumulated
energy cost and accumulated thermal compensation quantity
of the OTC operation mode were 59.1% and 73.8% of the
corresponding values of the normal combined operation
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Figure 22: Comparison of hourly thermal compensation quantity
on a typical day.

mode. Thus, the yearly TEC of the OTC operation mode was
1.25 times as high as the TEC of the normal operation mode.

5.7. Estimation of Macroscale Benefit of OTC Method. The
ESTC system and OTC method exhibits favorable potential
application. As indicated in the “13th Five-Year” national
development plan of China, by 2020, the cumulative applica-
tion building area of ground-source heat pump is expected to
reach 1.6 billion square meters. Specially, the corresponding
heating area in cold region of China will exceed 500 million
square meters, and 60% of this area will require thermal
compensation. Compared with conventional thermal com-
pensation system, the annual saved electricity achieved by
applying ESTC system for thermal compensation in OTC
mode will be 7.68 × 108 kWh/yr., which means 113.2 million
US dollars for energy expenses will be reduced each year
and the carbon dioxide emission will decrease by 7.66 ×
105 Ton/yr. Furthermore, more considerable energy con-
sumption reduction can be expected if the proposed ESTC
system and OTC method are adopted in other countries.

6. Conclusions

To improve the thermal compensation efficiency of GCHP
systems in cold regions, an ESTC thermal compensation
system which integrated an ETD room exhaust air heat
recovery system and a solar energy system was proposed
in this study. An optimized thermal compensation method
(OTC method) based on the prediction of the next day’s
exhaust air temperature and the solar irradiance was also
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Figure 23: Comparison of hourly energy consumption quantity of
combined operation mode and OTC operation mode on a typical
day.
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Figure 24: Comparison of hourly TECof combined operationmode
and OTC mode on a typical day.

proposed and investigated. Moreover, a modified STSDG
method was presented and utilized for predicting the solar
irradiance. An operation experiment and a series of TRNSYS
simulations were conducted to evaluate the ESTC system and
those two approaches. Based on the results of the experiment
and simulations, the following conclusions were drawn:
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Figure 25: Comparison of annual performance of combined operation mode and OTC mode during January 12, 2015–January 12, 2016.

(1) The ESTC system including ETD room exhaust air
heat recovery and solar energy components can effec-
tively compensate heat to the ground heat exchanger.
During the 10-year simulation period, the simulated
TIR of the ESTC -GCHP was below 2.5%; the calcu-
lated TIR based on experimental data in the first year
was −2.16%.

(2) The correlation between the daily maximum values
of global solar irradiance and AQI was relatively
high in a typical winter month; R2 of the linear
correlation between these two values was 0.516 and
the correlation coefficient (𝑅) was −0.719. Thus, it is
quite necessary to introduce theAQI correction factor
in the modified STSDG method or other prediction
methods to improve the prediction accuracy of global
solar irradiance in weather conditions that include
heavy air pollution.

(3) Compared with the traditional STSDG method, the
prediction accuracy of the modified STSDG method
was significantly improved in the hazy weather with
high AQI. For the accumulated solar irradiance of the
four highest radiation hours, the MAPE between the
predicted and measured values was 6.35%.

(4) By using the OTC method, the energy consumption
of the thermal compensation process was reduced
significantly. The TEC of this approach was 1.25
times as high as the traditional combined operation
method.

These results indicated that both the ESTC system and
the OTCmethod are effective and highly efficient. This study
will promote more efficient and extensive application of
solar-GCHP systems and exhaust air heat recovery systems.
Moreover, the ideas ofOTCmethod and themodified STSDG
method can also be applied to further researches on other
hybrid-GCHP systems or hybrid solar energy systems.

Nomenclature

𝑎: Empirical constants
𝑎1: A constant which puts 𝑇∗ as a reference
𝑎2: A constant which puts 𝑇∗ as a reference
𝐴𝐶: The gross collector area (m2)
𝑏: Empirical constants
CL: Cloud amount
𝑓: Solar fraction (%)
𝐺: Total solar irradiance (W/m2)
𝐻: The total horizontal solar radiance (W/m2)
𝐻0: Horizontal solar irradiance outside the

atmosphere (W/m2)
𝐽𝑇: The hourly solar irradiance quantity (J/m2⋅h)
𝐾𝑡: Clearness index
𝑃𝑐: Thermal compensation quantity (kWh)
𝑃𝑖: Power consumption of thermal compensation

(kWh)
𝑄AHE: The annual accumulated heat extracted from

the ground (kWh)
𝑄AHR: The annual accumulated heat rejected into the

ground (kWh)
𝑄EAHRU: The heating load of the construction zone to be

served by EAHRU (kW)
𝑄𝐻: The heat-collecting capacity of the solar

collector (W)
𝑄tot: The total heating load of the building (kW)
𝑄re: The annual accumulated heat recovery (kWh)
𝑅: Correlation coefficient
𝑡1: The working medium inlet temperature of the

solar collector (∘C)
𝑡𝑎: The ambient temperature (∘C)
𝑇: Time (hr)
𝑇∗: The normalized temperature difference

(m2⋅K/W)
𝑥: Hourly dry-bulb temperatures (∘C)
𝑥avg: Average temperature between (∘C)
𝑥ℎ: Forecasted maximum temperature (∘C)
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𝑥𝑙: Forecasted minimum temperature (∘C)
𝑥𝑝,max: predicted maximum dry-bulb temperature

(∘C)
𝑥𝑝,min: Predicted minimum dry-bulb temperature

(∘C)
�̂�: Predicted value (∘C).

Abbreviations

AGO: Accumulated generating operation
APE: Absolute Percentage Error
AQI: Air quality Index
DeST: An Integrated Building Simulation Toolkit
EAHRU: Exhaust air heat recovery unit
ESTC: Exhaust air heat recovery and solar energy

combined thermal compensation system
ETD: Electricity transformation and distribution
GCHP: Ground-coupled heat pump
HVAC: Heating, Ventilating and Air Conditioning
MAPE: Mean absolutely percentage error
GM: Grey model
GM(1, 1): Grey model (1, 1)
OTC: Optimized thermal compensation
STSDG: Solar term similar days group
TEC: Thermal compensation capacity per unit

energy Consumption
TIR: Thermal imbalance ratio.

Greek Letters

𝛿ℎ: Scale factor for maximum temperature
𝛿𝑙: Scale factor for minimum temperature
𝜂𝑐: The average efficiency of solar collector

based on the gross collector area (%)
𝜂𝐿: Heat loss rate of pipeline and heat storage

device (%).
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In order to reduce the investment and operation cost of distributed PV energy system, ice storage technology was introduced
to substitute batteries for solar energy storage. Firstly, the ice storage air conditioning system (ISACS) driven by distributed
photovoltaic energy system (DPES) was proposed and the feasibility studies have been investigated in this paper. And then, the
theoretical model has been established and experimental work has been done to analyze the energy coupling and transferring
characteristics in light-electricity-cold conversion process. In addition, the structure optimization analysis was investigated. Results
revealed that energy losses were high in ice making process of ice slide maker with only 17.38% energy utilization efficiency and
the energy efficiency and exergy efficiency of ISACS driven by DPES were 5.44% and 67.30%, respectively. So the immersed
evaporator and cointegrated exchanger were adopted for higher energy utilization efficiency and better financial rewards in
structure optimization. The COP and exergy efficiency of ice maker can be increased to 1.48 and 81.24%, respectively, after
optimization and the energy utilization efficiency of ISACS driven by DPES could be improved 2.88 times. Moreover, ISACS has
the out-of-the-box function of ordinary air conditioning system. In conclusion, ISACS driven by DPES will have good application
prospects in tropical regions without power grid.

1. Introduction

With the dramatic climate changes, the cooling demand
has been increased and led to a rapid growth of energy
consumption, which causes traditional fossil fuel energy
shortage and great damage to climate and environment with
the emissions of CO2 and harmful particles by extensive use
of traditional fossil energy. Furthermore, a large number of
the uses of the electric air conditioning can increase the
tense situation between power supply of grid and demands
of people. Therefore, refrigeration driven by solar energy
becomes one of the promising approaches to reduce or
partially replace the conventional refrigeration systems. Solar
thermal refrigeration and solar photovoltaic refrigeration are
two main working modes [1, 2]. Several studies have been
conducted about different solar refrigeration options in the

last years for the improvement and development of solar
thermal refrigeration system such as operation efficiency
and operating stability [3–10]. Compared to the solar ther-
mal refrigeration, solar photovoltaic (PV) refrigeration has
more advantages on refrigerating effect, stable operation,
and energy utilization rate. Along with the decrease of the
investment and operation cost and the gradual increase of
the conversion efficiency of PV module, the photovoltaic
refrigeration will be developed rapidly.

There are two refrigerationmodels: thermoelectric refrig-
eration and vapor compression refrigeration can be driven by
PV. As early as 2003, Dai et al. [11] researched thermoelectric
refrigerator driven by solar cells and the results showed that
the system has 0.3 COP and the refrigerator temperature
could maintain 5∘C∼10∘C. Due to the limitation of the
working principle, thermoelectric refrigerator is only suitable

Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2016, Article ID 4749278, 17 pages
http://dx.doi.org/10.1155/2016/4749278

http://dx.doi.org/10.1155/2016/4749278


2 International Journal of Photoenergy

for cold storage and cannot be used for freezing. So vapor
compression refrigeration driven by PV caught researchers’
attention.

Firstly, Aktacir [12] designed amultifunctional PV refrig-
erator and found that when indoor and outdoor average
temperatures were 26.3∘C and 24.9∘C, the minimum tem-
perature of the refrigerator reached −10.6∘C. The research
results showed that the refrigeration efficiency of the system
needed to be improved. In order to improve PV refrigeration
performance, Mba et al. [13] used MATLAB software to sim-
ulate PV refrigeration system operating process and analysis
system operating characteristics in different conditions. The
structure optimization and the great operation scheme of the
system were mentioned in the research results. Furthermore,
Tina and Grasso [14] designed a software program for mon-
itoring and managing stand-alone PV refrigerator system in
a remote area, which had a real-time monitor running status
and automatically recorded data feeding back to the terminal
equipment. The research work can provide references for
the system operation stability and optimization. It was also
reported that the required photovoltaic panel area of a solar
electric-vapor compression refrigeration system increases as
the evaporating temperature decreases and the coefficient of
the performance variation of the cooling system decreases
with the decrease of evaporating temperature which can
provide an important reference on the structure optimization
of PV refrigerator [15]. So in the investigation on the structure
optimization of PV refrigeration, Kaplanis and Papanastasiou
[16] improved the performance of a traditional refrigerator
driven by PV through the structure rebuild and the per-
formance of the optimized refrigerator could be improved
greatly. In addition, in order to improve the operation stability
of the PV refrigerator and reduce the cost of inverter, the AC
compressor was replaced by DC compressor in the research
work led by Ekren et al. [17]. The result showed that PV
module conversion efficiency has a greater impact on the
system exergy efficiency. Finally, for the comprehensive per-
formance of PV refrigerator such as the energy conversion,
management, and operation performance, powered on three
conditions such as photovoltaic components, battery, and
outage system, the results showed that the system COP
gradually decreases from morning till night [18].

According to comprehensive analysis, PV refrigeration
system research is currently mainly concentrated on ice
maker driven by PV. Batteries are essential component to
store energy and to solve the intermittency of solar energy
in PV refrigeration system. However, the use of batteries can
increase the investing and running costs. So the PV refrig-
eration without batteries or batteries replacement technology
was investigated. Axaopoulos andTheodoridis [19] designed
a PV Ice maker without battery and studied its performance
when the compressor operating efficiency was 9.2%; they
found that this prototype has a good ice making capability
and reliable operation as well as a great improvement in
the startup characteristics of the compressors, which remain
working even during days with low solar irradiation of
150W/m2. But the refrigeration efficiency needed to be
improved.TheAmerican SOLUS Refrigeration Company has

developed a photovoltaic DC refrigerator substituting battery
with water-propylene/ethylene glycol phase change material
to store cold and reduce the system investing and running
cost. Results revealed that the temperature inside the refriger-
ator was remaining stable at around 1.4∘Cwhen environment
temperature was 32∘C [20]. But the use of the water-propyl-
ene/ethylene glycol phase change material in the system
increased the cost. Thus, the ice storage technology, stable
performance, low cost, and large phase change latent heat
have attracted researchers’ attention. Ice storage technology
has a great role in saving building energy, transferring peak
power to off-peak, improving grid load rate, and other
aspects.

The performances of ice storage were analyzed. Pu et
al. [21] analyzed the effect of incorporating the ice thermal
storage air conditioning system in power supply based on
the cumulative exergy analysis method. They found that the
total cumulative exergy consumption increased as the ice
thermal storage (ITS) system applied. However, the average
cumulative exergy variation decreased slightly as the cooling
load of the ITS system increased. And then, the ice thermal
energy storage (ITES) air conditioning system incorporating
a phase change material (PCM) was analyzed from energy,
exergy, economic, and environmental aspects [22]. Results
showed that the electricity consumption of hybrid systemwas
6.7% and 17.1% lower than that of the simple ITES (without
PCM) system and the conventional system, respectively. The
economic performance of ITES was analyzed by Sanaye and
Shirazi [23]. The results revealed that the amounts of elec-
tricity consumption and CO2 emission of ITS system were
lower 9% and 9.8%, respectively, in comparison with those of
a conventional system. Furthermore, the payback period of
ITS system for extra capital cost was 3.43 years. Because the
ITS had superior economic performance, the ITS was widely
used in the large building cooling system throughout the
world. Han et al. [24] conducted an analysis study to compare
between the potential impacts of ice storage systems on load-
shifting under a new credit-based incentive scheme and the
existing incentive arrangement in Jiangsu, China. Results
indicated that adopting different schemes of ice storage can
make distinct impacts on load-shifting. Wang and Dennis
[25] conducted an investigation for influencing factors on
the energy saving performance of battery storage and phase
change cold storage in a PV cooling system with TRNSYS
in three distinct climates (Madrid, Shanghai, and Brisbane).
Results showed that the CO2 clathrate hydrate was the best
performing cold store and this approach provided credible
savings compared to a system without energy storage.

According to the above analysis, nowadays, the research
and utilization of PV refrigeration and ice storage are rel-
atively independent. In order to integrate the advantages
of the two technologies together, the ice storage air condi-
tioning system (ISACS) driven by distributed photovoltaic
energy system (DPES) was established based on our previous
research results [26]. This is the first time that the ice storage
technology was employed in the PV system to substitute or
partly replace batteries for the solar energy storage. As you
know, it is clear that the tropical regions, such as Xishuang-
banna in China and Bangkok in Thailand, have almost
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Figure 1: Work diagram of ISACS driven by DPES with batteries.

300 days for cooling demand; thereby ice storage has a
good application prospect in those regions. So our research
work has certain significance. In our system, a few batteries
were also used in order to provide the stability for system
operation. At first, a theoretical model has been established
and experimental work has been done to analyze the energy
coupling and transferring characteristics in light-electricity-
cold conversion process of ISACS driven by DPES. And
then, the system optimization analysis was also investigated
in order to achieve higher energy utilization efficiency and
better financial rewards. In order to solve the problem of
cold supplying process must lagging behind ice making
process in traditional ice storage air conditioning system and
improve the efficiency of traditional ice storage air condi-
tioning system, system structure optimization analyses were
investigated. So the immersed evaporator and cointegrated
exchanger were suggested. Therefore, the present study can
achieve the purpose of ISACS supplying cold efficiently with
out-of-box functionality as the ordinary vapor compression
air conditioning system.The research results can also provide
some references for commercial application of ISACS driven
by DPES without batteries in tropical regions without power
grid.

2. Materials and Methods

2.1. ISACS Driven by DPES

2.1.1. Configuration of ISACS Driven by DPES. Ice storage
air conditioning system (ISACS) driven by distributed pho-
tovoltaic energy system (DPES) was mainly configured by
DPES, icemaker, storage system, and air conditioning system.
The working diagram of ISACS driven by DPES is shown in
Figure 1.

PV modules convert solar energy into electric energy
which can be regulated by controller with maximum power
point tracking to drive ice maker, ice storage system, and air
conditioning system. In daytime, DPES receives solar energy
and turns it into direct-current (DC) electric power which
can be converted to alternating current (AC) electric power
by inverter to drive AC compressor, water pump, ethylene
glycol pump, and fan coil. To maintain the stability of electric
energy supply, batteries were adopted and connected with
controller to maintain the energy conversion and supply in
the most optimized way. Ice maker and storage system were
made up with AC compressor, condenser, expansion valve,
disc evaporator, and ice storage tank. Circulating water can
be frozen in a disc evaporator and the ice can be drooped
into the ice storage tank when the hot refrigerant flowed into
the evaporator which was controlled by the solenoid valve.
Thereby, the ice maker worked as vapor compression refrig-
eration. In AC compressor, cryogenic R134a was compressed
to high temperature and high pressure gas to be filtered in
economizer and to release heat in condenser. Refrigerant was
condensed to mild temperature and high pressure gas. When
the gas inflows into throttle valve, it can be throttled to low
temperature and low pressure liquid and then feeds into plate
evaporator. And then, refrigerant flows into the other gas-
liquid separator to be sucked into the compressor. Thereby,
the refrigeration cycle will be completed. Air conditioning
system was mainly made up of coil heat exchanger which was
fixed in ice storage tank, ethylene glycol pump, solenoid valve,
proportional control valve, and fan coil. Ethylene glycol is an
adopted cold exchanging medium.

According to the working principle diagram, 0.2 kW
ISACS driven by DPES was established as shown in Figure 2.
The main component parameters of ISACS driven by DPES
are shown in Table 1.
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Table 1: Main component parameters of ISACS driven by DPES.

Component Model Parameters

DPES

PV module JN-245 𝑃𝑚: 245W, 𝑉𝑚: 34.5 V, 𝐼𝑚: 7.10 A, 𝑉OC: 43.5 V, 𝐼SC: 8.18 A, module: length∗wide:
1640mm∗990mm, cells in series: length∗wide∗numbers: 155mm∗155mm∗60

Controller PL60 12–48V 60A charge, 30A load

Inverter Solar 48V 𝑃: 3 kW, DC input voltage: 48V,
output voltage: 220V, output frequency: 50Hz

Batteries SP12-65 Battery capacity: 12 V 65Ah, four batteries in series

ISACS

Refrigerant R134a Molecular formula: CH2FCF3, boiling point: −26.1∘C, critical temperature: 101.1∘C
Ice maker IM50 Ice production: 2.12 kg/h, 𝑃: 380W

Ice storage tank / Capacity: 20 cm∗20 cm∗20 cm
Cold exchanging

medium
Ethylene
glycol Melting point: −12.6∘C, viscosity: 25.66mPa⋅s

Pump RS15-6 Power: 46–93W, life: 6m, maximum flow rate: 3.4m3/h

Fan coil / Fan type: YS 56-2, power: 180W, voltage: 380V, current: 0.53 A, speed: 2800 r/min,
number of fins: 95, size: 23 cm∗8 cm∗20 cm, coil numbers: 26, coil inner diameter: 6mm

PV modules Controller and inverter Batteries Ice maker

Ice storage tank Fan coil

Figure 2: Pictures of 0.2 kW ISACS driven by DPES.

DPES were made up of two 245 𝑊𝑝 polycrystalline
silicon PV in series and four batteries in series were used
to store electric power. Refrigerant (R134a) temperatures
and pressure were measured by T-type thermocouples and
pressure transducers, respectively. Voltages and currents of
PV modules were measured by a digital multimeter. The

wind speed was measured by the wind speed transducer.
Solar irradiation was measured by pyranometer. Compressor
input power was measured by a wattmeter. Electromagnetic
flow meter was used to measure refrigerant flow and cold
exchanging medium flow. The parameters of all instruments
are shown in Table 2.
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Table 2: Measuring instrument parameters and uncertainty.

Instrument Model Range Accuracy Application
scope

Maximum
relative error

Maximum
absolute error

Uncertainty
(𝐵 class)

Pyranometer Kipp & Zonen
CMP-6 0–2000 (W/m2) ±5% 0–1000 (W/m2) ±10% ±100W/m2 57.7348W/m2

Thermocouples T −200 to 350 (∘C) ±0.4% 0–150 (∘C) ±0.93% ±1.4∘C 0.8083∘C
Wind speed
transducer EC-9S 0–70 (m/s) ±0.4% 0–10 (m/s) ±2.8% ±0.28m/s 0.1617m/s

Electromagnetic flow
meter

KROHNE
OPTIFLUX

5000
DN 5; 0–12 (m/s) ±0.15% 0–5 (m/s) ±0.36% ±0.018m/s 0.0104m/s

Pressure transducer YOKOGAWA
EJA430E 0.14–16 (MPa) ±0.055% 0–2 (MPa) ±0.44% ±0.0088MPa 0.0051MPa

Electronic balance AHW-3 0–3 kg ±0.05 g 0–3 kg ±0.05% ±0.0015 kg 0.0009MPa

Wattmeter DELIXI
DDS607 0–10000 kW⋅h ±0.01 kW⋅h 0–100 kW⋅h ±1% ±1 kW⋅h 0.5774 kW⋅h

Digital multimeter FLUKE F-179 Voltage: 0–1000V ±0.9% 0–380V ±2.37% ±9.006V 5.1996V
Current: 0–10 A ±1% 0–10A ±1% ±0.1 A 0.0577A

2.2. Theoretical Models on Energy Conversion and Transfer
Characteristics of ISACS Driven by DPES. Theoretical model
was established to analyze the energy conversion and transfer
characteristics of ISACS driven by DPES as follows.

2.2.1. Energy and Exergy Models of PV Modules. Energy
balance equation of PV modules is expressed as

(𝑚𝑝𝐶𝑝module
) 𝑇𝑝 = 𝑄PV,in − 𝑄PV,loss − 𝑄PV,elect. (1)

Solar energy absorbed by PV modules can be estimated
as

𝑄PV,in = 𝛼𝜏𝐺𝑆𝑝. (2)

Electric power is expressed by

𝑄PV,elect = 𝑉out𝐼out. (3)

Exergy and exergy losses of PVmodules are given in [26]:

Δ𝐸PV = 𝑄PV,loss (1 − 𝑇𝑎𝑇𝑃) + [𝐼sc𝑉oc − 𝐼𝑚𝑉𝑚] ,

𝐸PV,in = 𝐺𝑆𝑝 [1 − 4
3
𝑇𝑎𝑇sun +

1
3 (

𝑇𝑎𝑇sun)
4] ,

𝐸PV,in = 𝐸PV,out + Δ𝐸PV.

(4)

2.2.2. Energy and Exergy Models of Controller. Energy bal-
ance equation of controller can be estimated as follows:

𝑄PV,elect = 𝑄𝐶,out + 𝑄𝐶,loss. (5)

𝑄𝐶,loss is the consumed energy by controller per unit time
(W); usually 𝑄𝐶,loss is 4% of 𝑄PV,elect.

Exergy and exergy losses of controller are expressed as in
[27]:

Δ𝐸𝐶 = 𝑄𝐶,loss (1 − 𝑇𝑎𝑇𝐶) ,
𝐸𝐶,in = 𝐸𝐶,out + Δ𝐸𝐶.

(6)

2.2.3. Energy and Exergy Models of Batteries. Energy balance
equations of batteries are given by [28]

𝑄𝐵,in = 𝜉𝑄𝐵,out + 𝑄𝐵,loss − 𝜉𝑄𝐵,storage. (7)

𝜉 is a symbolic coefficient. When batteries supply power to
load, 𝜉 is assigned 1. On the contrary, 𝜉 is assigned −1 when
batteries are charged:

𝑄𝐵,loss = 𝐼2𝐵 [𝑟1 + 𝑟2 (SOC) + 1
𝑟3 − 𝑟4 (SOC)] . (8)

Here,

SOC = SOC0 + ∫𝑡
0
𝐼𝐵𝑑𝑡
BC

. (9)

VF is the full charge rest voltage (V), SOC0 is the initial SOC
value (1), and BC is batteries capacity (Ah).

Exergy balance and exergy loss equations of batteries are
written as [27]

Δ𝐸𝐵 = 𝑄𝐵,loss (1 − 𝑇𝑎𝑇𝐵) ,
𝐸𝐵,in = 𝐸𝐵,out + Δ𝐸𝐵.

(10)

2.2.4. Energy and Exergy Models of Inverter. Energy balance
empirical equations of inverter are given in [28]:

𝑄𝐼,loss = 𝐶𝑃𝐶𝑅 +
𝐶𝑅 − 1𝐶𝑅 (𝑄𝐶,out + 𝑄𝐵,out) ,

𝑄𝐶,out + 𝑄𝐵,out = 𝑄𝐼,out + 𝑄𝐼,loss.
(11)
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Figure 3: R134a thermodynamic curve.

Exergy balance and exergy loss equations of inverter are
expressed in [28]:

Δ𝐸𝐼 = 𝑄𝐼,loss (1 − 𝑇𝑎𝑇𝐼 ) ,
𝐸𝐶,out + 𝐸𝐵,out = 𝐸𝐼,out + Δ𝐸𝐼.

(12)

2.2.5. Energy and Exergy Models of ISACS. ISACS are driven
by stable electric energy outputted by DPES. The thermody-
namic cycle refrigeration process of ice maker, refrigerant,
R134a thermodynamic properties, and P-h changing curve of
refrigerant R134a in refrigeration cycle are shown in Figure 3.
It can be clearly seen in Figure 3 that area 1 is the saturated
liquid, area 2 is the gas-liquid coexistence, and area 3 is the
saturated vapor. Consequently, the refrigeration cycle was
1-2-2s-3-4-5-1 across the saturated vapor region and gas-
liquid coexistence region. The process from 1-2 is showing
an actual compressor working process, when the dry steam
in state 1 is compressed to saturated vapor in state 2, which
will be isentropic compressed to 2s under ideal condition.
However, the process 2-2s-3-4 is the refrigerant condensing
and releasing heat process in condenser. The process 2-2s is
the natural cooling process and 2s-3-4 is the isobaric cooling
process. The cryogen will be high pressure dry steam in state
3 and high pressure saturated liquid in state 4. The process
4-5 is the decompression cooling by throttle valve.Therefore,
by flowing through throttle valve, the refrigerant temperature
and pressure will be low and then it can flow into evaporator
to absorb heat and refrigerate, which is the process 5-1.

Energy and exergy analyses are shown as follows.

(a) The compressor energy balance equation is given by

�̇�rfℎ1 +𝑊 = �̇�rfℎ2 + 𝑄CP,loss. (13)

Compressor exergy model is given as

𝐸CP,in = Δ𝐸CP + 𝐸CP,out,
Δ𝐸CP = �̇�rf [(ℎ2 − ℎ1) − 𝑇𝑎 (𝑠2 − 𝑠1)] . (14)

(b) The condenser energy balance equation is shown as

�̇�rfℎ3 = �̇�rfℎ4 + 𝑄𝐸 + 𝑄CO,loss,
𝑄𝐸 = �̇�air,icemk𝐶𝑝,air (𝑇air,out − 𝑇air,in) . (15)

Condenser exergy model is expressed as

Δ𝐸CO = �̇�rf [(ℎ3 − ℎ4) − 𝑇𝑎 (𝑠3 − 𝑠4)]
− 𝑄𝐸 (1 − 𝑇air,in𝑇air,out) ,

𝐸CO,in = 𝐸CO,out + Δ𝐸CO.
(16)

(c) It is isenthalpic throttling process to refrigerant in
throttle valve, so

𝑄CO,out = 𝑄TH,out. (17)

Throttle valve exergy model is given by

Δ𝐸TH = �̇�rf𝑇𝑎 (𝑠5 − 𝑠4) ,
𝐸TH,in = 𝐸TH,out + Δ𝐸TH. (18)

(d) Evaporator energy balance equation is shown as

𝑄EV,in = 𝑄EV,out + 𝑄AB + 𝑄EV,loss. (19)

𝑄AB is evaporator absorption heat from water (W).
Evaporator exergy model is given by

Δ𝐸EV = �̇�rf [(ℎ1 − ℎ5) − 𝑇𝑎 (𝑠1 − 𝑠5)] ,
𝐸AB,in = 𝑄AB (1 − 𝑇EV𝑇𝑎 ) ,

𝐸EV,in + 𝐸AB,in = 𝐸EV,out + Δ𝐸EV.
(20)

Energy balance equations in cold exchanging and supply-
ing process are written as

𝑄ice,storage = 𝑄air,fancoil + Δ𝑄ice,loss,
𝑄air,fancoil

= ∫𝑡
0

�̇�air,fancoil𝐶𝑝,air (𝑇air,fancoil-in − 𝑇air,fancoil-out) 𝑑𝑡,
𝑄ice,storage = 𝑚iceℎice.

(21)

And exergy calculation equation is shown:

𝐸ice,in = 𝑄air (1 − 𝑇air,fancoil-out𝑇air,fancoil-in ) + Δ𝐸ice. (22)

The energy conversion and transmission efficiency 𝜂 and
exergy efficiency 𝜓 of each component of the system can be
calculated by the following formulas:

𝜂 = 𝑄out𝑄in
,

𝜓 = 𝐸out𝐸in
.

(23)
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3. Results and Discussion

3.1. Calculation Results and Analysis. The related parameters
are shown in Table 3.

08:00–17:00 is the working time from Monday to Friday.
During working time, the cold demand in the house is very
low, so the refrigerator can be driven by PVmodules and then
the cold can be stored in the ice storage tank. After work, the
cold demands of the house increased and the cold stored in
the daytime can be charged to service family. So the ISACS
driven by DPES has great application prospects in domestic
cooling field.

The ISACS driven by DPES operated from 08:00 to 23:00.
In daytime, solar energy was converted into electrical energy
by PV modules. Before 11:00AM, the irradiation was too
low and the electricity generated by PV modules cannot
drive ice maker. At the same time, batteries discharged to
make up for the lack of electricity produced by PV modules
and the ice maker could operate stably and reliably driven
by photovoltaic battery hybrid energy supply system. And
then, the irradiation gradually increased and the electricity
increased along with irradiance. In hybrid energy supply
system, the system output power was equal to the power
rating of ice maker and was always the same but PVmodules
output power increased and batteries output power decreased
accordingly. About 11 AM, the output power of PV modules
was enough to drive ice maker so the output power of
batteries is zero. After 11 AM, with the continuous increase
of irradiance, not only was the electricity of PV modules
used to drive ice maker but also the surplus electricity was
stored in batteries. So the batteries were in charge. After
noon, the irradiation from sun decreased step by step and so
the electricity generated by PV modules reduced gradually.
About 14:00, the electricity reducing step by step was only
enough to drive ice maker. The charge state of batteries
was end. Then, ice maker was driven by PV modules and
batteries once again until the ice was enough at 16:00. All
of the ice was stored in ice storage tank and the cold can
be exchanged by the coil with refrigerating medium ethylene
glycol flowing in it at 19:00. At the other end of the coil
the cold of refrigerating medium can be blown into the air
in the house by fan. So the temperature of house dropped
step by step until it tended to balance. About 23:00, the
cold of ice in the tank was released completely. And then,
the fan and glycol pump would be shut down and the cold
supply process was over. Through all of the process, energy is
transformed from light to electricity by PV modules and it is
stored with ice through phase change latent heat of water. In
conversion and transmission process, the energy and exergy
of system changed with the change of external environmental
conditions. In order to describe system performance clearly
and intuitively, the overall performance of the system was
evaluated. So the energy efficiency and exergy efficiency of
each component of the system in energy conversion and
transmission process were calculated and the results are
shown in Table 4.

Figure 4 showed the change curves of energy efficiency
and exergy efficiency of ice making and cold-storing process
from 08:00 to 16:00 with ice maker driven by DPES. Figure 5

Table 3: Related parameters of ISACS driven by DPES.

Parameters Value
Outside
𝑇𝑠/K 5778
𝑇𝑎/K 286.36–298
V/(m⋅s−1) 0.87–1.55
𝑞/MJ⋅m−2 (08:00–16:00) 22.17

PV modules
𝑄/kW⋅h (08:00–16:00) 2.76
𝑆𝑝/m2 2.88
𝑆𝑐/m2 3.24
𝑉OC/V 89.35
𝐼SC/A 8.18
𝑉out/V 50.90–54.20
𝐼out/A 0.50–8.50
𝑉𝑚/V 34.50
𝐼𝑚/A 7.10
𝜂0/% 17.50
𝛼 0.92
𝜏 0.90
𝑚/(kg⋅m−2) 23
𝐶𝑝module/(J⋅kg−1⋅K−1) 1179.06
𝑇𝑃/K 287.04–325.15

Controller
𝑇𝐶/K 303.15

Storage batteries
𝐶 48V 65Ah
𝑇𝐵/K 313.15

Charging
𝐵 0.80
VF 56.53
𝑉𝐵/V 47.60–52.53
𝐼𝐵/A 8.00
𝑟1 0.060
𝑟2 0.041
𝑟3 95.234
𝑟4 51.856

Discharging
𝐵 0.70
VF 54.88
𝑉𝐵/V 54.88–44.60
𝐼𝐵/A 5.50–7.40
𝑟1 0.052
𝑟2 −0.012
𝑟3 4.113
𝑟4 −100.653

Inverter
𝑇𝐼/K 318.15
𝐶𝑝 10.045
𝐶𝑅 1.1885
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Table 3: Continued.

Parameters Value
Compressor
�̇�/(kg⋅s−1) 0.0127
𝑊𝑝/W 328.31–340.25
𝑇in/K 268.15
𝑇out/K 313.15
𝑃in/kPa 243.71
𝑃out/kPa 770.21
ℎin/(kJ⋅kg−1) 395.01
ℎout/(kJ⋅kg−1) 425.00
𝑠in/(kJ⋅kg−1⋅K−1) 1.7276
𝑠out/(kJ⋅kg−1⋅K−1) 1.7500

Condenser
𝑇in/K 313.15
𝑇out/K 303.15
𝑃in/kPa 700.00
𝑃out/kPa 700.00
ℎin/(kJ⋅kg−1) 425.00
ℎout/(kJ⋅kg−1) 241.80
𝑠in/(kJ⋅kg−1⋅K−1) 1.7500
𝑠out/(kJ⋅kg−1⋅K−1) 1.1437
�̇�air,icemk/(kg⋅s−1) 0.21
𝐶𝑝,air/(J⋅kg−1⋅K−1) 1000
𝑇air,in/K 286.36–296
𝑇air,out/K 291.36–301

Throttle valve
𝑇in/K 303.15
𝑇out/K 263.15
𝑃in/kPa 700.00
𝑃out/kPa 200.00
ℎin/(kJ⋅kg−1) 241.80
ℎout/(kJ⋅kg−1) 241.80
𝑠in/(kJ⋅kg−1⋅K−1) 1.1437
𝑠out/(kJ⋅kg−1⋅K−1) 1.1500

Evaporator
𝑇in/K 263.15
𝑇out/K 268.15
𝑃in/kPa 200.00
𝑃out/kPa 243.71
ℎin/(kJ⋅kg−1) 241.80
ℎout/(kJ⋅kg−1) 395.01
𝑠in/(kJ⋅kg−1⋅K−1) 1.1500
𝑠out/(kJ⋅kg−1⋅K−1) 1.7276

Cold exchanging and supplying
𝑇ice-tank/K 272.20–278.15
𝑇glycol/K 276.62–285.15
𝑇air,fancoil-in/K 293.45–289.95
𝑇air,fancoil-out/K 293.45–287.65
𝑚ICE/kg 16.98
ℎICE/(kJ⋅kg−1) 335
�̇�air,fancoil/(kg⋅s−1) 0.12
𝑡cold/s 14400
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Figure 4: Energy efficiency and exergy efficiency of ice maker
driven by DPES.
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Figure 5: Energy efficiency and exergy efficiency of fan coil driven
by DPES.

showed the change curves of system energy efficiency and
exergy efficiency of fan coil driven by DPES from 19:00 to
23:00.

In daytime, ice maker system was driven by DPES bat-
teries and the system energy efficiency and exergy efficiency
were 5.44% and 67.30%, respectively. It was found that the
total energy efficiency and total exergy efficiency of DPES
were 12.44% and 84.95%, respectively, and the total energy
efficiency and total exergy efficiency of ice maker system
were 51.20% and 79.77%, respectively. After 16:00, the total
ice production was 16.98 kg. All of the ice was stored in the
tank and air conditioner was open at 19:00 and sustained for
about 4 hours with 85.42% total energy efficiency and 99.31%
exergy efficiency.

It was observed that in ice maker thermodynamic cycle
refrigeration efficiency was only 17.38% and the wastage in
cooling process was 45093.78W. In the ice making process,
the water can be pumped by a recycle pump and flowed
through evaporator to absorb heat. A part of water can be
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Table 4: Calculated results of total energy and total exergy of each component of the system in energy conversion and transmission process.

Accepted energy/W Accepted exergy/W Useful power/W Useful exergy/W 𝜂/% 𝜓/%
PV module 100007.5 112560.5 15889.79 95910.39 15.89 85.21
Controller 15889.79 95910.39 15254.2 95894.55 96.00 99.98
Batteries 15254.2 95894.55 15162.49 95887.94 99.40 99.99
Inverter 19772.17 95887.94 16222.1 95621.2 82.05 99.72

Distributed photovoltaic energy system 12.44 84.95
Compressor 156936.5 95621.2 151397.8 87286.14 96.47 91.28

Condenser 151397.8 87286.14 Air 51450 86445.17 90.88 99.04
Refrigeration 86136.41

Throttle valve 86136.41 86445.17 86136.41 85784.72 100 99.24

Evaporator 86136.41 85784.72 Output 140714.4 79810.74 336 93.04
Absorbing 54578

Ice 54578 79810.74 9484.22 76271.06 17.38 95.57
Ice maker system 51.20 79.77

Air conditioning system 94842.22 76271.06 81009.64 75747.45 85.42 99.31
ISACS driven by DPES 5.44 67.30

Figure 6: Ice slide maker (internal picture).

frozen on the evaporator and the rest of water flowed back
to the water storage.Thereby, in the water circulating process,
the circulating water consumedmuch of the energy, as shown
in Figure 6.

In ice maker, compressor was the maximum exergy loss
component with 8.78% exergy loss efficiency and it is clear
that the evaporator is the most important component of
ice maker; the total exergy of evaporator was 79810.74W
and the exergy efficiency was 93.04%. At the same time, the
exergy flow from water to the evaporator was 76271.06W
with 95.57% exergy efficiency in ice making process.

3.2. Experimental Results and Analysis

3.2.1. DPES. The output performance of PV modules was
greatly affected by the external environment such as solar
irradiance, wind speed, ambient temperature, and PV mod-
ules temperature.Therefore, the external environment should
be tested through the experiment to calculate and analyze
PV output performance. ISACS driven by DPES tested on
October 22 in Kunming. Results showed that the irradiation
quantity 𝑞 was 22.17MJ/m2 from 8:00 to 16:00 and the total
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Figure 7: Variations of global solar radiation and ambient temper-
ature on 22nd Nov., 2015, in Kunming.

amount of ice was 16.98 kg when the fan coil operated for
nearly 4 hours.Meanwhile, PVmodules output performances
were tested and analyzed. Firstly, global solar radiation and
ambient temperature were tested, as shown in Figure 7.
PV modules temperature is a decisive component of output
performance, which can be affected by wind speed changing
at any time. Thus, wind speed and PV modules temperature
can only be obtained by experimental measurement, as
shown in Figure 8.

The voltage and current variations of PV modules were
also tested on October 22 in Kunming. The variation curves
are shown in Figure 9. Batteries were adopted in testing
process to ensure power output stability and store excess
power generated by PV modules. The voltage and current of
batteries were also measured and variation curves are also
shown in Figure 10.
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Figure 8: Variations of wind speed and PVmodules temperature on
22nd Nov., 2015, in Kunming.

06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00

50.5

51.0

51.5

52.0

52.5

53.0

53.5

54.0

54.5

Vo
lta

ge
 (V

)

PV modules
output voltage

PV modules
output current

0

1

2

3

4

5

6

7

8

9

Cu
rr

en
t (

A
)

Time (hh:mm)

Figure 9: Voltage and current variations of PV modules.

It was observed that the maximum tested current was
8.6 A at 12:35.The output voltage changes were 50.8 V–54.2V
and the maximum voltage appears at 12:36. In batteries
discharging, ice maker can be driven for 10 hours by batteries
only whichwere in full power state and disconnectedwith PV
modules until the batteries electricity decreased and cannot
drive the ice maker. The voltage declined from 54.88V to
44.6V step by step and the output current of PVmodules was
approximately 7A with small fluctuations between 5.4A and
7.4A. In charging process for batteries, batteries disconnect
with ice maker and connected with PV modules. Batteries
current changed with solar irradiance and voltage increased
gradually until batteries were in floating state.

Electricity conversed from light by distributed photo-
voltaic energy system was transferred among batteries, ice
maker, and air conditioning system. It was very important
to optimize and match the energy among PV modules,
storage batteries, and power consumption machine, which
can provide an important reference for the future work.
Therefore, the experimental study on ISACS driven by DPES
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Figure 10: Voltage and current variations of batteries.

was carried out in order to analyze the light-electricity-cold
conversion process and the energy transfer characteristics.
The results are shown in Figure 11.

There were ice making and ice melting abscission in ice
maker operation process. In ice making process, the system
current was 1.8 A, the sum of compressor working current
and condenser fan current.However, in icemelting abscission
process, the system current was 1.4 A, the sum of condenser
fan current and solenoid valve operating current. On the
other hand, the voltage of AC compressor was 220V and it
was stable all the time. Voltage and current of pump and
fan were 220V and 0.4A and 380V and 0.5 A, respectively.
In DPES, photovoltaic modules and batteries were untied
and used to drive ice maker. Before noon the PV modules
output current increases along with solar irradiance and bat-
teries output current gradually decreases. When PVmodules
output current increased to 6.5 A, batteries output current
reduced to 0A at 10:50 and ice maker can be completely
driven by PV modules. Since then, ice maker was driven by
PV module and the rest electricity can be stored in batteries.
Batteries charging current increased step by step and reached
the maximum of 2.0 A until the solar irradiance reached the
peak values at 12:20. After noon, batteries charging current
gradually reduces along with solar irradiance decreases. It
was found that at 15:37 the charging current and PVmodules
output current were 0A and 6.5 A. Therefore, ice maker was
only driven by PV modules once again. Subsequently, the
generated electricity by PV modules was not enough to drive
the ice maker and batteries discharged to supplement the
shortage. Batteries discharging current increases step by step
along with the solar irradiance decreases. Batteries voltage
reduced in discharging process and increased in charging
process. Batteries separately derived pump and fan coil to
supply cold from 19:00 to 23:00. Output current remained
constant with 5A and output voltage slightly decreased grad-
ually. At 23:00, ice melts completely and then all machines
were shut down. Until 07:30 of the next day, a new icemaking
and cold supplying cycle starts. Through the 27-hour exper-
iment, batteries capacity decreased from 65Ah to 9.76Ah
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Figure 11: The conversion and flow characteristics of power generated by PV modules among batteries, ice maker, and air conditioning
system.

with a 55.24Ah decrease. In the first day, batteries discharged
13.7 Ah in the morning and then were charged 7.39Ah by
PV modules. Batteries discharged 12.17 Ah from 15:37 to
19:00. And then ice maker stopped and cold exchanger ran,
driven by batteries. The electricity consumption was 20.22A
from 19:00 to 23:00. In the next day, ice maker starts to
work at 07:00 and electricity consumption in the morning
discharging process and afternoon discharging process was
12.55 Ah and 11.61 Ah, respectively. Batteries were charged
7.62Ah by PV modules from 10:11 to 15:36.

3.2.2. Ice Maker and Cold Storage System. The ice production
is shown in Figure 12.

It was found that the total amount of ice was 16.98 kg.
Ice maker operation cycle time was 10min and the ice
production was about 0.35∼0.36 kg every cycle. Ice making
efficiency was about 2.12 kg/h. Another experimental test has
been conducted at various temperatures of ice maker with
every component in thermodynamic cycle of ice making
process, as shown in Figure 13. The inlet temperature and
outlet temperature of evaporator, compressor, and condenser
declined stably until ice making process was performed.

In ice making process, ice was pasted well together
with five solid walls of grid plate evaporator and cannot be
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Figure 12: Ice production of ice maker driven by DPES from 8:00 to
16:00 on 22nd Nov., 2015, in Kunming.

separated off by ice gravity. Thus, compressor must be shut
down and a special solenoid valve as shown in Figure 14
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Figure 14: Electromagnetic valve photo adopted in ice maker
system.

must be opened which was used for adjusting refrigerant
flow and introduced the high temperature and high pressure
refrigerant steam expelled from compressor into evaporator.

When the electromagnetic was opened, the evaporator
plays the role of condenser to release heat to ice through solid
walls and ice interfaces begin melting. Ice was divorced from
evaporator and fell into tank. Meanwhile, evaporator inlet
temperature and outlet temperature increased sharply until
the solenoid valve was closed and compressor was turned
on and a new ice making process begins. The refrigerant

flowed out of evaporator into throttle valve and became
low temperature and low pressure liquid. And then, the
refrigerant flowed into condenser to absorb heat fromoutside
and condenser inlet and outlet temperature declined sharply
when low temperature refrigerant flowed into it. Condenser
outlet temperature was higher than condenser inlet because
refrigerant absorbed heat from outside through condenser, as
shown in Figure 12. Refrigerant next flowed into compressor
and compressor inlet temperature increased a lot compared
to ice making process, which can be changed with inlet and
outlet temperature variation of evaporator and condenser.
Compressor stops running in ice melting abscission process
and the refrigerant gas cannot be compressed in compressor.
Therefore, the compressor outlet temperature drops sharply
when the solenoid valve opens and it returns smoothly when
ice making process opened. Ice melting abscission process
was extremely unfavorable to ISACS for a number of reasons
as follows:

(1) Ice maker operation period extended for 200 s; fur-
thermore, the ice melting abscission time was one-
third time of an ice making cycle.

(2) Service life of compressor will be shortened by fre-
quent start and stop compressor, which has a great
impact on ice making process and was extremely
unfavorable for energy supply process of DPES.
Electricity consumption of solenoid valve was 3.0 ×
10−4 kWh in ice melting abscission process and the
total electricity consumption was 0.024 kWh from
7:30 to 19:00.

3.2.3. Air Conditioning System. The performance of air
conditioning system was tested at 19:00. At this time, the
temperature of ice stored in ice storage tank and ice storage
tank temperature were −3∘C and −1∘C, respectively. The
indoor temperature was 20.5∘C. The changes of temperature
for exchanging cold and supplying cold processes are shown
in Figure 15.

Ice storage temperature remained constant at −1∘C in ice
absorbing and melting phase transition processes. However,
after 22:20, all ice melted and the tank filled with water
at low temperature. Subsequently, the temperature of water
gradually increased when the water was employed to cool.
Subsequently, it increased from 0∘C to nearly 5∘C within
40min. At the end of the experiment, ice storage tank outlet
temperature increased to 11.5∘C from initial temperature
of 3.4∘C. In ice phase transition process, ice storage tank
inlet and outlet temperatures should be constant values in
theory; however, the temperature difference between inlet
and outlet increased 7.15∘C mainly as a result of the working
temperature of pipeline pump. It was found that the fan outlet
temperature decreased from 20.5∘C to 15.1∘C with a 5.4∘C
decline and the indoor temperature decreased from 20.5∘C
to 18∘C with a 2.5∘C decline within 4 hours. Cold power
blown out by fan coil was 0.298W and the cold exchanging
and supplying efficiency of the air conditioning system was
90.4%. Furthermore, the ice storage tank has a good thermal
insulation performance at 0.10m thick polyurethane foam.
The ice cold loss in ice storage tank was 218.59 kJ as 3.89%
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Figure 15: Temperatures change of exchanging cold and supplying
cold process.

of input cold from 19:00 to 23:00 and the cold loss of fan coil
was 313.92 kJ as 5.82% of input cold.

3.3. Model Validation. The system energy efficiency was
5.44% calculated as shown in Table 4. In the experimental test
process, the ice producewas 16.98 kg during 08:00∼16:00with
the 22.17MJ/m2 total irradiation. Because the ice maker was
driven by PV modules and batteries, the ice produce was not
only produced by PV modules. Therefore, the ice production
of PV modules must be calculated. The rated power of ice
maker was 380W as shown in Table 1 which was not only
made up with the power of compressor as shown in Table 3
but also included the powers of fan, solenoid valve, and
water pump. The electricity consumption of ice maker was
3.04 kW⋅h during 08:00∼16:00. But the electricity𝑄 produced
by PV modules was only 2.76 kW⋅h as shown in Table 3.
So there was 90.79% power consumed by ice maker coming
from PV modules. So the ice produced by PV modules was
15.42 kg.The ice phase change latent heatwas 335 kJ/kg. So the
energy stored by ice produced by PVmodules was 5165.70 kJ.
The total area of PV modules was 3.24m2. So the total solar
energy accepted by PVmoduleswas 71830.80 kJ. And the cold
exchange efficiency of air conditioning system was 85.42% as
shown in Table 4. So the energy efficiency of ISACS driven by
DPES tested in the experiment was 6.14%. The relative error
of the calculated result was 11.4%.Themodel can be accepted
in engineering application fields.

3.4. System Optimization. Analog computation and experi-
mental tests results showed that there were some deficiencies
of current system as follows:

(1) Usually the cold demand during the daytime is high,
but the system can supply cold through ice melting

made by ice maker driven by electricity generated
by PV modules in daytime. Therefore, there is no
matching between cold supply and demand in the
same time.

(2) Energy loss is huge and ice making efficiency is low in
ice making process of ice slide maker.

Therefore, in order to improve the performance of ISACS
driven by DPES and promote the project commercial pro-
motion, some optimization and improvement measurements
were proposed as follows:

(a) Evaporator immersion static refrigeration mode was
adopted to replace ice harvester refrigeration mode.
The optimized coil evaporator was immersed into
water to absorb heat and make ice and all the energy
was utilized, as shown in Figure 16.

(b) The coil cold exchanger was cointegrated with coil
evaporator. In refrigeration process, coil cold exchan-
ger has the priority to get cold transferred from the
coil evaporator next to the cold exchanger to supply
cold for user. Surplus cold is used to make ice to store
cold. Consequently, ISACS not only has the out-of-
the-box function of ordinary air conditioning, but
also effectively improves the appearing phenomenon
of overcooling and remedies the disadvantage of
cold supply after ice making process in traditional
submerged ice making system. The top view of coin-
tegration evaporators and cold exchanger immersed
in the ice storage tank is shown in Figure 17.

Another immersion static ice maker with evaporator
cointegrated with coil cold exchanger was constructed
according to the optimization design shown in Figure 18.

The performance of optimized ISACS driven by DPES
can be tested and calculated as mentioned above. The system
operated on May 12, 2016. The tested and calculated results
were shown in Figure 19 and Table 5.

The water tank was full of 13.4 kg water. The system
operated at 08:35 and all of the water changed into ice at
about 10:40. And then the ice started subcooling and the ice
surface became hard at 12:04. At the moment, the surface
of evaporator temperature (the temperature of ice core) was−12.11∘C and the water temperature was −8.09∘C with a
4.20∘C temperature difference between ice surface and ice
core. At 12:04, the temperatures of evaporator inlet and outlet
were, respectively,−20.49∘Cand−16.51∘Cand the compressor
inlet temperature was −14.28∘C. The energy efficiency and
exergy efficiency of system components of optimized ISACS
driven by DPES were calculated through above formulas and
the performances of the system mentioned above and the
optimized system were compared in Table 5.

By structure optimization, the ice making efficiency of
evaporator immersion static ice maker was improved to
6.00 kg/h which was 2.88 times of ice slide maker with the
same input power. Through theoretical calculation, it was
observed that the ice making efficiency and exergy efficiency
increased from 17.38% to 50.12% and from 95.57% to 97.32%,
respectively. So the ice maker system energy efficiency was
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Figure 16: Profile of evaporators and cold exchanger immersed in the ice storage tank.
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Figure 17: Top view of cointegration evaporators and cold exchanger immersed in the ice storage tank.

Figure 18: The photo of evaporator immersion static ice maker.

improved 2.88 times and exergy efficiency was improved
from 76.85% to 78.52%. After the structure optimization,
the energy efficiency of ISACS driven by DPES can be
improved from 5.44% to 15.69% and the exergy efficiency
can be improved from 67.30% to 68.54%. When evaporator
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Figure 19: Temperature changes of ice maker components after
optimization.

cointegrated with coil cold exchanger, ISACS achieved out-
of-box functionality as the ordinary vapor compression air
conditioning system, which can effectively solve the problem
of cold supplying process must lagging behind ice making
process in traditional ice storage air conditioning system.
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4. Conclusions

(1) The energy utilization ratio and exergy efficiency
of ISACS driven by DPES were 5.44% and 67.30%,
respectively. DPES conversion efficiency was 12.44%
with 84.95% exergy efficiency and ice maker system
energy efficiency was 51.20% with 79.77% exergy
efficiency.

(2) In order to improve the refrigeration performance
of ISACS, evaporator immersion static refrigeration
mode was adopted to replace ice harvester refrigera-
tion mode to achieve high efficiency refrigeration.

(3) The coil cold exchanger was cointegrated with coil
evaporator. Consequently, ISACS not only has the
out-of-the-box function of ordinary air conditioning
system, but also effectively improves the appearance
of overcooling phenomenon.

(4) By simulation, the system energy utilization efficiency
could be improved from 5.44% to 15.69% with exergy
efficiency increasing from 67.30% to 68.54%.

Nomenclature

Roman Symbols

BC: Batteries capacity (Ah)𝐶𝑃: Empirical constant𝐶𝑅: Empirical constant𝐶𝑝: Specific heat capacity (J⋅kg−1⋅K−1)Δ𝐸: Exergy loss (W)𝐸: Exergy (W)𝐺: Solar irradiance (W⋅m−2)ℎ: Enthalpy (J⋅kg−1)𝐼: Current (A)𝑚: Mass (kg)�̇�: Mass flow (kg⋅s−1)𝑄: Power per unit time (W)𝑟1, 𝑟2, 𝑟3, 𝑟4: Empirical constants𝑠: Entropy (J⋅kg−1⋅K−1)𝑆: Area (m2)𝑡: Runtime (s)𝑇: Temperature (K)𝑉: Voltage (V)
VF: Full charge rest voltage (V)
V: Speed (m⋅s−1)𝑊: Compressor operating power (W).

Greek Symbols

𝛼: Solar cell absorption coefficient𝜏: PV module cover glass transmittance𝜉: Symbolic coefficient𝜂: Energy efficiency𝜓: Exergy efficiency.

Subscripts

1: Refrigerant in state 1
2: Refrigerant in state 2

3: Refrigerant in state 3
4: Refrigerant in state 4
5: Refrigerant in state 5𝑎: Ambient
air: Indoor air
AB: Evaporator absorption𝐵: Batteries𝑐: Cell
Conv: Convective𝐶: Controller
CP: Compressor
CO: Condenser
elect: Electricity𝐸: Emission
EV: Evaporator
icemk: Ice maker
fancoil: Fan coil
in: Input𝐼: Inverter
ice: Ice
loss: Loss𝑚: Maximum power point
oc: Open circuit
out: Output𝑝: Parallel
PV: PV modules
rf: Refrigeration𝑠: Sky
sc: Short circuit
sun: Sun
storage: Storage
TH: Throttle valve.
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Fresnel solar concentrator is one of the most common solar concentrators in solar applications. For high Fresnel concentrating
PV or PV/T systems, the second optical element (SOE) is the key component for the high optical efficiency at a wider deflection
angle, which is important for overcoming unavoidable errors from the tacking system, the Fresnel lens processing and installment
technology, and so forth. In this paper, a new hybrid SOE was designed to match the Fresnel solar concentrator with the
concentration ratio of 1090x. The ray-tracing technology was employed to indicate the optical properties. The simulation outcome
showed that the Fresnel solar concentrator with the new hybrid SOE has a wider deflection angle scope with the high optical
efficiency. Furthermore, the flux distribution with different deviation angles was also analyzed. In addition, the experiment of the
Fresnel solar concentrator with the hybrid SOE under outdoor condition was carried out. The verifications from the electrical and
thermal outputswere allmade to analyze the optical efficiency comprehensively.Theoptical efficiency resulting from the experiment
is found to be consistent with that from the simulation.

1. Introduction

Nowadays Fresnel solar concentrator is one of the most
common solar concentrators in solar applications due to its
excellent optical properties. In comparison to the parabolic
dish, the Fresnel solar concentrator has a convenience for
installation of PV and there is also no shading on PV. Kerz-
mann and Schaefer [1] simulated a linear concentrating pho-
tovoltaic system with an active cooling system. Chemisana
et al. [2] conducted an experimental investigation of a
Fresnel-transmission PVT concentrator for building-façade
integration. Ryu et al. [3] proposed a new configuration of
solar concentration optics utilizingmodularly faceted Fresnel
lenses to achieve a uniform intensity on the absorber plane
with a moderate concentration ratio. Wu et al. [4] performed
an extensive indoor experimental characterisation program
to investigate the heat loss from a point focus Fresnel lens
PV concentrator with a concentration ratio of 100x. Hussain

and Lee [5] conducted a parametric study of a Fresnel
solar concentrating photovoltaic cogeneration systemwith an
attached thermal storage tank.

However for a high concentration Fresnel solar concen-
trator, the second optical element (SOE) is usually needed in
actual applications because of many inevitable errors. Firstly,
the Fresnel solar concentrator is restricted by the machining
accuracy, which can lead to many sunrays escaping out from
the absorber. Secondly, the sun-tracking system usually raises
a certain error, which is different from the ideal design.
Thirdly, the sunlight is the full-spectral light, which is easy
to generate the dispersion phenomenon from the Fresnel
lens. SOE can increase the acceptance angle and accept more
sunlight for the reduction of focal aberrations. Additionally,
the SOE usually can increase the concentration ratio of the
whole optical system and homogenize the flux distribution
on PV cell. During the study on characterization of the
flux distribution and spectrum in concentrating photovoltaic
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systems, Victoria et al. [6] found that adding an SOE to a
Fresnel lens significantly reduces the nonuniformities and
improves performance of the system.

Currently, the common SOEhas two types, reflective SOE
and solid lens SOE, which rely on the specular reflection
function and lens refraction and total internal reflection
functions, respectively. Renzi et al. [7] analyzed the per-
formance of two 3.5 kWp CPV systems with geometrical
concentration ratio of 476x and a reflective SOE. Lee and Lin
[8] proposed a high-efficiency concentrated optical module
with a parabolic second optical element. Benı́tez et al. [9]
developed a Köhler-based CPV optical device with a flat
Fresnel lens as the Primary Optical Element (POE) and a
single refractive surface as the SOE. Terao et al. [10] presented
a novel nonimaging optics design for a flat-plate concentrator
PV power system with aspheric and total internal reflective
SOE. Baig et al. [11] analyzed the edges feature of a total
internal reflective SOE for a Fresnel solar concentrating PV
system.

In this paper, based on the Fresnel solar concentrator of
1090x, the hybrid SOE was designed to improve the optical
performance. The optical software Lighttools was employed
to simulate the optical properties at different deviation angles.
The optical efficiency and flux distribution were all analyzed
to demonstrate the performance. In addition, the experiment
of the Fresnel solar concentrator with the hybrid SOE under
outdoor condition was carried out.The verifications from the
electrical and thermal outputs were all made to analyze the
optical efficiency comprehensively. The experimental results
indicated that the optical efficiency is in well agreement with
that in the simulation.

2. Structure

The Fresnel solar concentrator consists of series of prisms.
According to the refraction law, the curves of prisms can be
easily obtained. Huang et al. [12] presented a Fresnel lens
design for CPV. N. Yeh and P. Yeh [13] analyzed a point-
focused, nonimaging Fresnel lens concentration profile and
established parameters in detail.The curves of prisms of a flat
Fresnel solar concentrator can easily be attained, as shown in
Figure 1.

Based on the geometrical principle, the following values
of parameters can be obtained:

𝛼 = 𝑖,𝑟 = 𝛼 + 𝛽, (1)

tan𝛽 = tan (𝑗 − 𝛼) = 𝑙𝑓 . (2)

Based on the refraction law,

𝑛 = sin 𝑗
sin 𝑖 = sin (𝛼 + 𝛽)

sin𝛼 = sin𝛼 cos𝛽 + cos𝛼 sin𝛽
sin𝛼

= cos𝛽 + sin𝛽
tan𝛼 .

(3)

o𝛼

j

i

𝛽

f

l

Figure 1: Schematic diagram of a flat Fresnel solar concentrator.

Combiningg (1) and (3),

tan𝛼 = sin (𝑗 − 𝛼)𝑛 − cos (𝑗 − 𝛼) = tan (𝑗 − 𝛼)𝑛/cos (𝑗 − 𝛼) − 1 . (4)

According to the Pythagorean identity,

cos (𝑗 − 𝛼) = √ 1
tan2 (𝑗 − 𝛼) + 1 = 𝑓√𝑙2 + 𝑓2 . (5)

Substitute (2) and (5) into (4):

𝛼 = arctan( 𝑙/𝑓𝑛√1 + (𝑙/𝑓)2 − 1) . (6)

From (6), the curves of the prisms can be calculated.
For the second optical element, there are many differ-

ent designs. The specular reflective SOE and total internal
reflective SOE are common in the application [7, 14, 15].
In this paper, the hybrid SOE is designed for the Fresnel
solar concentrator, which consisted of the reflective element
and the solid lens element. The cross sections of reflective
element and solid lens element are all symmetrical trapezoids
(Figure 2), and the solid lens element is located in the inner
bottom side of the reflective element. The water cooling
system is employed to take the heat away from the PV. The
dimensions of different parts are shown in Table 1.

3. Ray-Tracing Analysis

Exporting the concentrating system model built by Solid-
works in IGES format to optical software Lighttools was used
to simulate the optical path. The inner reflection surface was
defined as aluminum and its reflectivity is assumed to be 92%.
The light is defined by a 0.53∘ convergence angle which is not
a parallel beam as the sunlight’s converging angle is 4.7mrad.
Figure 3 shows the schematic diagram of ray tracing at the
deflection angle 0∘. The deflection angle is the angle between
the direction of the incident sunrays and the perpendicular
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Table 1: Size parameters of the Fresnel solar concentrator with the
hybrid SOE.

Parameter Value
Fresnel lens area (m2) 0.33 ∗ 0.33
Top aperture area of reflective element (m2) 0.044 ∗ 0.044
Bottom aperture area of reflective element (m2) 0.01 ∗ 0.01
Top surface area of solid lens element (m2) 0.014 ∗ 0.014
Bottom surface area of solid lens element (m2) 0.009 ∗ 0.009

Reflective
element

Solid lens
element

Hybrid
SOE

Figure 2: Schematic diagram of a Fresnel solar concentrator with
the hybrid SOE.

to the aperture of the solar concentrator. Firstly, the sunlight
will be concentrated by the flat Fresnel lens. Secondly, many
sunlight rays can be reflected by the reflective element into the
solid lens element; then we research the top surface of the PV
through the refraction and total internal reflection function
of lens element. Other sunlight rays can pass through the lens
element directly to reach the top surface of PV.

3.1. Optical Efficiency. Ten thousand direct sun light rays
across the Fresnel solar concentrator were traced at different
deflection angles. The optical efficiency can be obtained as
follows:

𝜂opt = 𝜙ab𝜙tot , (7)

where 𝜙ab is the radiation received by the absorber and 𝜙tot is
the total radiation emitted by the light source.

Through the software simulation, the optical efficiency
can be attained (Figure 4). It can be seen that the optical
efficiency is above 90.0% for deflection angles smaller than
0.5∘. The curve of the optical efficiency shows a declining
trend with the increase in deflection angle and when the
deflection angle is larger than 0.5∘, the optical efficiency
cannot sustain a high value. However, when the deflection
angle is between 0.6∘ and 0.7∘, the optical efficiency is still
between 85.0% and 90.0%.

3.2. Flux Distribution. The simulation was performed under
the standard solar irradiation of 1000W/m2 and the spectral

Figure 3: Schematic diagram of ray tracing at deflection angle 0∘.

Figure 4: Optical efficiency with different deflection angles.

wavelength is between 300 and 1800 nm. It can be seen from
Figure 5 that when the deflection angle is 0∘, the highest flux
distribution is below 2 ∗ 106W/m2 and the position is on the
center of the PV. Approximately 80% area of PV owns the flux
density of above 106W/m2. Therefore, the flux on PV at this
deflection angle has a relatively uniform distribution.

Whendeflection angles are 0.1∘ and 0.2∘, the highest fluxes
are all on the left section of the PV top surface. With the
increase of the deflection angle, the highest flux furtherly
moves to the left position (Figure 6).

Figure 7 shows the flux distribution at a larger deflection
angle scope between 0.3∘ and 0.6∘. The tendency of the flux
distribution shows that the flux on left section is higher
than that at the right section. Actually, this deflection angle
scope is larger than the error from the tracking system
(0.3∘), but considering the errors from the processing and
installment, and so forth, the actual flux distribution may
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Figure 5: Flux distribution at deflection angle of 0∘.

be more complex than the simulation. Therefore, the high
optical system needs a larger deflection angle scope (>0.3∘).
From the simulation, the basic orders ofmagnitude of the flux
distribution may be identified, which will give the reference
for the evaluation of the actual system operation.

4. Experimental Verification

4.1. Experiment Setup. The Fresnel solar concentrator is inte-
grated with high-efficiency InGaP/GaAs/Ge triple-junction
solar cells, whose electrical efficiency is 31.4% (AM1.5D, 25∘C)
under one sun. The Fresnel solar concentrating PV module
consists of 15 PV/T components and 15 point-focus Fresnel
lenses with hybrid SOE as shown in Figure 8(a). One of the 15
point-focus Fresnel lenses was tested in this experiment. The
area of each Fresnel lens is 330.0 ∗ 330.0mm2, and the size
of each solar cell is 10 ∗ 10mm2, which is consistent with the
one in the simulation. The solar cell is pasted on the bottom
surface of the solid lens element, as shown in Figure 8(b).
A two-axis tracking system is employed. A couple of light
sensors are installed on the tilt axis to feed back the location
of the sun to the tracking control system; thus it maintains
the angle of deflection for the Fresnel solar concentrator
within a range of 0.3∘. In the test system, the temperature is
measured by T-type thermocouples. The direct radiation is
measured by a normal incidence pyranometer. An inverter is
used to measure and record the electrical power output. The
components of the test equipment are shown in Table 2.

4.2. Error Analysis. According to the theory of error propa-
gation, the relative error (RE) of the dependent variable 𝑦 can
be calculated as follows:

RE = 𝑑𝑦𝑦 = 𝜕𝑓𝜕𝑥
1

𝑑𝑥
1𝑦 + 𝜕𝑓𝜕𝑥

2

𝑑𝑥
2𝑦 + ⋅ ⋅ ⋅ + 𝜕𝑓𝜕𝑥

𝑛

𝑑𝑥
𝑛𝑦 ,

𝑦 = 𝑓 (𝑥
1
, 𝑥
2
, . . . , 𝑥

𝑛
) , (8)

Table 2: The components of the test equipment.

Equipment (specification) Accuracy
Thermocouple (T-type) ±0.2∘C
Normal incidence pyranometer (TBS 2-2) 2%
Inverter (Guanya GSG-100KTT-TV) 3%
Flowmeter (LXS-40E) 2%
Data logger (Agilent 34970A (USA)) —

Table 3: Experimental RME of the variables.

Variable T G 𝜂pv 𝜂th
RME 0.063% 2.0% 3.0% 19.7%

where 𝑥
𝑖
(𝑖 = 1, . . . , 𝑛) is the variable of the dependent

variable 𝑦. 𝜕𝑓/𝜕𝑥 is the error transferring coefficient of the
variables.

The experimental relative mean error (RME) during the
test period can be expressed as

RME = ∑𝑁
1
|RE|𝑁 . (9)

According to (8)∼(9), the RMEs of all variables (temperature,
solar irradiation, PV efficiency, and thermal efficiency) were
all calculated and the results were given in Table 3.

4.3. Experiment Analysis

4.3.1. Verification Based on the Electrical Output. The exper-
iment was made in a sunny day. The water took the heat
from the PV to harvest the thermal energy. The ambient
parameters and test outcomes were shown in Table 4.

For the solar concentrating PV, the fill factor (FF)
drops slightly under concentrating condition because of the
nonuniform flux distribution [16–18].

The FF can be obtained by

FF = 𝑃max𝐼sc ⋅ 𝑉oc , (10)

where 𝑃max is the maximal power output; 𝐼sc is the short-
circuit current; and 𝑉oc is the open-circuit voltage.

The variation scopes of FF between 25∘C and 50∘C are
between 0.828 and 0.844, as shown in Figure 9. Therefore, it
can be concluded that the flux distribution on PV is relatively
uniform during the system operation. It can also be inferred
that the Fresnel solar concentrating PV with the hybrid SOE
can work well under the current tracking system, installment,
and processing technology.

For the system, the electrical efficiency can be expressed
as 𝜂pv = 𝜂opt ⋅ 𝜂cell, (11)

where 𝜂pv is the system electrical efficiency; 𝜂opt is the optical
efficiency; and 𝜂cell is the solar cell electrical efficiency.

The PV efficiency at different operation temperature can
be expressed as [19]𝜂cell = 𝜂𝑟 (1 − 𝐵𝑟 (𝑇pv − 𝑇𝑟)) , (12)
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Figure 6: Flux distribution at deflection angles of 0.1∘ and 0.2∘.
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Table 4: Relative parameters at different PV temperatures.

Parameters 𝑇cell = 25∘C 𝑇cell = 30∘C 𝑇cell = 35∘C 𝑇cell = 40∘C 𝑇cell = 45∘C 𝑇cell = 50∘C
Ambient temperature (∘C) 16.5 17.1 16.4 16.6 18.6 18.4
Direct irradiation (W/m2) 663.3 677.9 710.7 702.9 709.2 683.3
Open-circuit voltage (V) 3.03 3.02 3.01 2.99 2.97 2.95
Short-circuit current (A) 8.20 8.29 8.63 8.50 8.51 8.28
Voltage on maximum power point (V) 2.7 2.6 2.6 2.6 2.6 2.6
Current on maximum power point (A) 7.7 8.0 8.4 8.2 8.2 8.0
Maximum out power (W) 20.5 21.1 21.9 21.4 21.1 20.5

(a) (b)

Figure 8: Photo of Fresnel solar concentrators.

Figure 9: Fill factor of PV on different PV temperatures.

where 𝜂
𝑟
is the reference solar cell efficiency at the reference

operating temperature; 𝑇
𝑟
= 298.15K; 𝐵

𝑟
= 0.002K−1; and𝑇pv is the actual TV temperature.

The system electrical efficiency can also be attained by

𝜂pv = 𝑃max𝐶 ⋅ 𝐺dir ⋅ 𝐴cell
= 𝐼

𝑚
⋅ 𝑉
𝑚𝐶 ⋅ 𝐺dir ⋅ 𝐴cell

. (13)

The electrical efficiency on different PV temperature was
shown in Figure 10. With the increase of PV temperature, the
electrical efficiency has a downward trend. But the electrical
efficiency is still above 27.5%, which indicates that the Fresnel
solar concentrator has a high electrical efficiency.
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Figure 10: Electrical efficiency on different PV temperatures.

Combining (11) and (13), the optical efficiency of this high
solar concentrator can be obtained, as expressed in (14), and
the curve of optical efficiency is shown in Figure 11.

𝜂opt = 𝐼
𝑚
⋅ 𝑉
𝑚𝐶 ⋅ 𝐺dir ⋅ 𝐴cell ⋅ 𝜂𝑟 (1 − 𝐵𝑟 (𝑇pv − 𝑇𝑟)) . (14)

The optical efficiencies resulting from the experiment are
between 90.7% and 92.3%, which are close to the simulated
values.Therefore, the design of the Fresnel solar concentrator
with hybrid SOE is reasonable and the whole optical system
has a high optical efficiency for the high concentrating PV/T
application.

4.3.2. Verification Based on the Thermal Output. In order to
further illustrate the optical efficiency, the thermal efficiency
can also be analyzed.Thirty Fresnel solar concentrating PV/T
were connected and the water was circulated between the
series of solar concentrators and the storage tank having 70 L
volume.
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Figure 11: Optical efficiency on different PV temperatures.

The thermal efficiency at any given time can be calculated
as follows:

𝜂th = 𝑞sys𝐶 ⋅ 𝐺dir ⋅ 𝐴cell
,

𝑞sys = 𝑚water ⋅ 𝑐water ⋅ 𝑑𝑇𝑑𝑡 ,
(15)

where 𝑇 is the average water temperature in the tank.
The thermal efficiency can also be expressed by

𝜂th = 𝛼 − 𝑈𝑇∗𝑖 = 𝛼 − 𝑈𝑇𝑖 − 𝑇𝑎𝐺 . (16)

The system thermal efficiencies of series of experimental
data were fitted to a linear function to correspond to mutual
relationships among the variables, as shown in Figure 12.

The thermal efficiency equation is as follows:

𝜂th = 0.5999 − 9.8217𝑇𝑖 − 𝑇𝑎𝐺 . (17)

The thermal efficiency intercept is about 0.6. Combining
with the electrical efficiency of approximately 0.3, the overall
efficiency is above 0.9. In this situation, the water temperature
is equal to the ambient temperature; thus the thermal loss of
the system is less. Consequently, the greatest loss is the optical
loss, which is lower than 0.1. From this point of view, the
optical efficiency is slightly higher than 90.0%, which is also
verified in the thermal performance.

5. Conclusion

This paper presents the optical performance of a Fresnel solar
concentrator with a new hybrid SOE, which includes the
reflective element and the solid lens element.

The ray tracing was employed in the simulation on the
optical properties. The simulation results indicated that the
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Figure 12: Thermal efficiency fit curve of the experimental results.

optical efficiencies were all above 90.0% within the deflection
angles of 0∘–0.5∘, and at the deflection angles of 0.6∘ and 0.7∘,
the optical efficiencies were still above 85.0%. At the same
time, the flux distribution at different deflection angles was
also demonstrated and analyzed.

The preliminary experiment was also conducted to verify
the simulation results. Based on the output, the fill factor,
the system electrical efficiency, and the thermal efficiency
were all analyzed, which indicated that the Fresnel solar
concentrating PVwith the new hybrid SOE has a high output
performance. Through the calculation, the optical efficiency
was also attained, and it is still larger than 90.0% during
operation, which agreed well with that in the simulation.

Therefore, the design of the SOE for the Fresnel solar
concentrator is reasonable, and the high solar concentrating
system can overcome errors of processing, installment, track-
ing system, and so on to keep a high output performance in
actual application.
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The performances of a solar assisted fluidized bed dryer integrated biomass furnace (SA-FBDIBF) and a solar assisted heat pump
fluidized bed dryer integrated biomass furnace (SAHP-FBDIBF) for drying of paddy have been evaluated, and also drying kinetics
of paddy were determined. The SA-FBDIBF and the SAHP-FBDIBF were used to dry paddy from 11 kg with moisture content
of 32.85% db to moisture content of 16.29%db (14%wb) under an air mass flow rate of 0.1037 kg/s within 29.73 minutes and
22.95 minutes, with average temperatures and relative humidities of 80.3∘C and 80.9∘C and 12.28% and 8.14%, respectively. The
average drying rate, specific energy consumption, and specific moisture extraction rate were 0.043 kg/minute and 0.050 kg/minute,
5.454 kWh/kg and 4.763 kWh/kg, and 0.204 kg/kWh and 0.241 kg/kWh for SA-FBDIBF and SAHP-FBDIBF, respectively. In SA-
FBDIBF and SAHP-FBDIBF, the dryer thermal efficiencies were average values of 12.28% and 15.44%; in addition, the pickup
efficiencies were 33.55% and 43.84% on average, whereas the average solar and biomass fractions were 10.9% and 10.6% and
36.6% and 30.4% for SA-FBDIBF and SAHP-FBDIBF, respectively. The drying of paddy occurred in the falling rate period. The
experimental dimensionless moisture content data were fitted to three mathematical models. Page’s model was found best to
describe the drying behaviour of paddy.

1. Introduction

In Indonesia, paddy rice is the staple food of nearly 90% of
population and an economic resource ofmore than 30million
farmers. Indonesia is the third biggest paddy producing
country worldwide with its annual production of around 78
million ton [1]. Paddy after harvest generally have a high
moisture content of about 20–23% wet basis in dry season
and about 24–27% wet basis in wet season [2]. At the level
of this moisture content, rice is easily broken and can not be
securely stored because it is very susceptible to be attacked
by fungus and insect. Therefore, in order to secure long-term
storage and milling, the paddy needs to be dried as soon as
possible to achieve moisture content of about 14% wet basis
[3]. Commonly, paddy was dried using traditional sun drying
and fixed bed dryer (artificial dryer). Traditional sun drying
results in low quality products and long drying time.Whereas
fixed bed dryer has many disadvantages such as incapability

of retaining uniformmoisture content, some parts of product
will be over dried and some other parts will not be dried
adequately which will result in a lot of broken rice during
milling process, low drying rate, and long drying time [4].

Fluidized bed dryer provides an alternative to the use
of traditional sun drying and fixed bed dryer for drying of
paddy. The fluidized bed dryer has some advantages such
as lower initial and maintenance costs, high drying rate,
uniform product moisture content, and less drying time [5,
6].

Several researchers have designed and tested the fluidized
bed dryer for drying of paddy. Soponronnarit et al. [7] have
designed and tested a prototype fluidized bed dryer for drying
of paddy with a capacity of 0.82 ton/h.The result showed that
the dryer reduced the moisture content of paddy from 45%
dry basis to 24% dry basis at drying air temperature of 100–
120∘C, with specific airflow rate of 0.05 kg/s⋅kg dry matter
and air velocity of 3.2m/s. The electrical and thermal energy
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consumption were found to be about 0.53 and 1.79MJ/kg
water removed, respectively. Also, good qualities in terms of
head yield and whiteness were obtained.

Ibrahim et al. [8] have investigated the performance of
an industrial fluidized bed dryer for drying of paddy in
Malaysia with design capacity of 25 t/h.Themoisture content
of paddy was reduced from 36.98% dry basis to 27.58% dry
basis at drying air temperature of 100–120∘C with a feed rate
(capacity) of 7.75 t/h.The average drying rate was found to be
538 kg moisture/h, whereas the electrical and thermal energy
consumption were found to be about 0.79 and 7.57MJ/kg
water removed, respectively. Also, higher head rice yield and
whiteness and lower milling recovery were achieved.

However, most of the fluidized bed dryer which is used
for drying of paddy is of the type of hot air dryer. It
has disadvantages such as high energy consumption and
the drying rate depends on the drying air temperature, to
increase the drying rate which is done by increasing the
drying air temperature [9]. Also, most of the energy used to
heat the drying air is fossil fuels such as LPG and fuel oil,
while the fossil fuel sources are limited and their prices are
high and steadily increasing.

Too high drying air temperature may cause cracking of
the rice kernel which in turn causes breakage during milling,
thereby reducing head rice yield [10–12].

Karbassi and Mehdizadeh [13] have studied the influence
of drying air temperature on quality of rough rice using
a fluidized bed dryer. The moisture content of paddy was
reduced from 20% dry basis to 13% wet basis at drying air
temperature of 140∘C. They found that the quality of rough
rice in terms of head rice yield was decreased.

To overcome the problems of the hot air dryer, several
researchers have designed and tested the combination of heat
pump with solar energy. Dezfouli et al. [14] have evaluated
the performance of a solar assisted heat pump dryer by using
cabinet type of drying chamber for drying red chilli with
a capacity of 15 kg. The moisture content of red chilli was
reduced from 4 dry basis to 0.08 dry basis within 32 hours
at an average temperature of 46∘C, relative humidity of 27%,
and air mass flow rate of 0.15 kg/h.

Şevik et al. [15] have investigated the performance of
a solar assisted heat pump system by using cabinet type
of drying chamber for drying of mushroom. The moisture
content of mushroom was reduced from initial moisture
content 13.24 dry basis to final moisture content 0.07 dry
basis within 230–190min at the drying air temperature of
45∘C and 55∘Cwith an air mass flow rate of 310 kg/h, whereas
the coefficient of performance of system (COP) was in the
range between 2.1 and 3.1. Also, the energy utilization ratio
(EUR) and specific moisture extraction rate (SMER) were
varied between 0.42 and 0.66 and 0.26 and 0.92 kg/kWh,
respectively.

Mohanraj [16] has evaluated the performance of a solar-
ambient hybrid source heat pump dryer by using cabinet
type of drying chamber for copra drying under hot-humid
weather conditions. The moisture content of the copra was
reduced from 52% wet basis to 9.2% wet basis and 9.8% wet
basis within 40 hours for trays at bottom and top, respectively,
at the drying air temperature in the range between 41∘C and

48∘Cwith an average temperature of 43.2∘C,whereas theCOP
of the dryer was in the range between 2.31 and 2.77 with an
average value of 2.54. Also, the condenser heating capacity
was varied between 2900W and 3750W with an average
value of 3290W, whereas the SMER was found to be about
0.79 kg/kWh.

However, the solar assisted heat pump dryer has disad-
vantages such as the drying air temperature being low when
on cloudy and rainy days and at the night time. Also, the solar
assisted heat pump dryer features are not fully operated, this
due to the drying air temperature is limited, and it is caused by
the limited ability of solar collectors to absorb (collect) energy
from the sun. Therefore, it is necessary to provide the solar
assisted heat pump dryers with an auxiliary heater, such as
biomass furnace by using biomass as heat energy sources.

Yahya [9] has been designed and evaluated for the per-
formance of a solar assisted heat pump dryer integrated with
biomass furnace by using cabinet type of drying chamber for
drying red chillies with a capacity of 22 kg. The researcher
reported that the dryer is able to reduce the moisture content
of red chillies from 4.26 dry basis to 0.08 dry basis within 11
hours at an air mass flow rate of 0.124 kg/s, with the average
drying chamber temperature and drying chamber relative
humidity of 70.5∘C and 10.1%, respectively. The drying rate,
the specific moisture extraction rate, and thermal efficiency
of the dryer were estimated on average of about 1.57 kg/h,
0.14 kg/kWh, and 9.03%, respectively.Meanwhile, the average
contributions of heat energy by the collector, condenser, and
biomass furnace were obtained of about 14.74%, 47.39%, and
37.87%, respectively.

However, no study has been reported yet on the perfor-
mance of the solar assisted heat pump fluidized bed dryer
integrated biomass furnace (SAHP-FBDIBF) for drying of
paddy, and the use of solar assisted fluidized bed dryer (SA-
FBDIBF) for drying of this food has been rarely investigated.
Moreover, limited studies have compared SA-FBDIBF with
SAHP-FBDIBF.

Indonesia is located in the equator line, receives abundant
solar radiation with a daily average of about 4 kWh/m2 [17],
and also produces approximately 236 million tons of biomass
per year, equivalent to about 756.083mill GJ per year [18].
These can be used as heat energy sources in drying process.

Therefore, the objective of this study is to compare
the experimental performance of SAHP-FBDIBF with SA-
FBDIBF for drying of paddy in Indonesia, to investigate the
drying characteristics of paddy in SAHP-FBDIBF and SA-
FBDIBF, and also to fit the experimental data to select the best
mathematical models.

2. Material and Methods

2.1. Experimental Set-Up. A solar assisted heat pump flu-
idized bed dryer integrated biomass furnace was designed
and installed at the Institute of Technology, Padang, West
Sumatra, Indonesia. The drying system consists of finned
single-pass solar collector, heat pump, biomass furnace, flu-
idized bed, cyclone, and blower as shown in Figure 1.The solar
collector equipped with transparent cover glass material,
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Figure 1: Photograph of the solar assisted heat pump fluidized bed dryer integrated biomass furnace.
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Figure 2: Dimensions of a single-pass solar collector with fin.

absorber plate finned used aluminum and black painted
opaque, angle iron frame, inside and outside the collector
coated with aluminum 1mm thickness, and insulation using
glass fiber materials. Two solar collectors are connected in
series with an area of 1.8m2 each, shown in Figure 2.The heat
pump consists of several main parts: evaporator, condenser,
compressor, and expansion valve. The working fluid of the
heat pump is R-22. Compressor use of electrical capacity is
0.5HP. The dimension of evaporator and condenser of the
heat pump is shown in Figure 3.The biomass furnace consists
of several main parts such as the combustion chamber, heat
exchanger, chimney, and blower. The wall of the combustion
chamber uses brick, cement, and steel plate materials and
heat exchanger pipes using mild steel with diameter of 2 inc
and the number of pipes is 16 units, in which dimension
of biomass furnace is shown in Figure 4. The fluidized bed
consists of several main parts such as drying chamber, air
flow distribution, and the inlet and exit of paddy. The front
part of the drying chamber is covered with clear glass with a

thickness of 5mm, and the sides and back are covered with
3mm thick aluminum plate, while the air distributor used
wire aluminum gauze and dimensions as shown in Figure 5.
Cyclone is coveredwith aluminumplatewith 3mmthickness,
and its dimensions are shown in Figure 6. The drying air
was circulated by using centrifugal blower (BFD)with 3.7 kW
power (three phases).

2.2. Experimental Procedure. Experiments were performed
at Padang Institute of Technology, West Sumatra, Indonesia.
The samples of paddy were obtained from farmer in Padang
and as much as 11 kg put into the drying chamber (bed depth
of paddy of about 55 cm) for the drying process. Biomass
fuels used coconut shell charcoal. The drying experiments
were performed to evaluate the dryer performance under two
different operating modes: solar assisted fluidized bed dryer
integrated biomass furnace (SA-FBDIBF) and solar assisted
heat pump fluidized bed dryer integrated biomass furnace
(SAHP-FBDIBF). Heat pump was not used for SA-FBDIBF
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Figure 3: Dimensions of evaporator and condenser of heat pump.
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Figure 4: Dimensions of biomass furnace.

mode of operation as shown in Figure 7. Heat pump was
employed for SAHP-FBDIBF mode of operation as shown in
Figure 8.

The air temperatures at the inlet and outlet of the solar
collector, heat pump, biomass furnace, and drying chamber
during the operation of the drying system were measured
by using T type copper-constantan thermocouples with an
accuracy of ±0.1∘C and operating temperature range (−200∘C
to 400∘C). The solar radiation was measured by an LI-200
pyranometer in ±0.1Wm−2 accuracy and with maximum
solar radiation of 2000Wm−2, operating temperature range
(−40∘C to 400∘C), and operating relative humidity range (0%
to 100%).The air velocitywasmeasuredwith 0–30ms−1 range
of an HT-383 anemometer, an accuracy of ±0.2ms−1, and
operation temperature range (−10∘C to 45∘C). The air tem-
perature and the solar radiationwere recorded by anAH4000
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Figure 5: Dimensions of fluidized bed (drying chamber).
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Figure 6: Dimensions of cyclone.

data logger with reading accuracy of ±0.1∘C.Themass change
of the paddy was measured within 0–15 kg range by using a
TKB-0.15 weighing scale, with an accuracy of±0.05 kg. Paddy
mass change was weighed and temperature was measured
every 5 minutes. The uncertainty was calculated using the
following equation [19, 20]:

𝑊𝑅
= [( 𝜕𝑅𝜕𝑥1𝑤1)

2 + ( 𝜕𝑅𝜕𝑥2𝑤2)
2 + ⋅ ⋅ ⋅ + ( 𝜕𝑅𝜕𝑥𝑛𝑤𝑛)

2]1/2 , (1)
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Figure 7: Schematic diagram of SA-FBDIBF (mode 1).

where 𝑊𝑅 is total uncertainty in result measurement,𝑤1, 𝑤2, . . . , 𝑤𝑛 are uncertainties in independent variables, and𝑥1, 𝑥2, . . . , 𝑥𝑛 are independent variables.
2.3. Experimental Data Analysis

2.3.1. Performance of Drying System. The performances of
the solar assisted fluidized bed dryer integrated with biomass
furnace (SA-FBDIBF) and the solar assisted heat pump
fluidized bed dryer integrated with biomass furnace (SAHP-
FBDIBF) for drying of paddymay be characterized by variety
of criteria, such as drying rate (DR), specific moisture extrac-
tion rate (SMER), specific energy consumption (SEC), spe-
cific thermal energy consumption (STEC), specific thermal
energy consumption (SEEC), dryer thermal efficiency, and
pickup efficiency. They were calculated using the following
equations. During drying process, themoisture content of the
paddy was calculated by two methods such as wet and dry
basis using the following equations [21].

The moisture content wet basis was calculated as
follows:

𝑀wb = 𝑚wetp − 𝑚𝑑𝑚wetp
. (2)

The moisture content dry basis was calculated as
follows:

𝑀db = 𝑚wetp − 𝑚𝑑𝑚𝑑 , (3)

where 𝑚𝑑 is the mass of bone dry of the paddy and 𝑚wetp is
mass of wet paddy.

The drying rate is the mass of water evaporated from the
wet paddy per unit time. It was calculated using the following
equation [22]:

DR = �̇�water = 𝑚water𝑡 = 𝑀db,𝑡 −𝑀db,𝑡+Δ𝑡Δ𝑡 , (4)

where𝑀db,𝑡 is moisture content dry basis of paddy at the time
“𝑡,”𝑀db,𝑡+Δ𝑡 ismoisture content dry basis of paddy at the time
“𝑡 + Δ𝑡,” 𝑚water is the mass of water evaporated, 𝑡 is drying
time, and Δ𝑡 is drying time interval.

The mass of the water evaporated (𝑚water) from the wet
paddy was calculated using the following equation [23]:

𝑚water = 𝑚wetp (𝑀wb,𝑖 −𝑀wb,𝑓)
(100 −𝑀wb,𝑓) , (5)
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Figure 8: Schematic diagram of SAHP-FBDIBF (mode 2).

where 𝑚wetp is initial mass of wet paddy, 𝑀wb,𝑖 is initial
moisture content on wet basis, and 𝑀wb,𝑓 is final moisture
content on the wet basis.

Specific moisture extraction rate (SMER) is ratio of the
moisture evaporated from wet product to the energy input to
drying system. The specific moisture extraction rates of the
SA-FBDIBF and the SAHP-FBDIBFwere calculated using the
following equations [24].

The SMER for the SA-FBDIBF:
SMERSA-FBDIBF

= �̇�water𝐼𝑇𝐴SC + �̇�bmfCVbmf +𝑊BFD +𝑊BC
. (6)

The SMER for the SAHP-FBDIBF:
SMERSAHP-FBDIBF

= �̇�water𝐼𝑇𝐴SC + �̇�bmfCVbmf +𝑊Comp +𝑊BFD +𝑊BC
, (7)

where 𝑊BFD is the electrical energy consumed by blower of
fluidized bed and 𝑊BC is the electrical energy consumed by
blower of cyclone.

The electrical energies consumed by compressor and
blower of cyclone were calculated using the following equa-
tion [25]:

𝑊Comp,𝑊BC = 𝑉𝐼 cos𝜑 (Single phase) . (8)

The electrical energy consumedby blower of fluidized bed
was calculated using the following equation:

𝑊BFD = √3𝑉𝐼 cos𝜑 (Three phase) , (9)

where 𝑉 is the line voltage, 𝐼 is the line current, and cos𝜑 is
the power factor.

Specific energy consumption (SEC) is the measure of the
energy used to remove 1 kg of water in the drying process.
The specific energy consumption of the SA-FBDIBF and the
SAHP-FBDIBF was calculated using the following equations
[26].

The SEC for the SA-FBDIBF:

SECSA-FBDIBF = 𝐼𝑇𝐴SC + �̇�bmfCVbmf +𝑊BFD +𝑊BC�̇�water
. (10)
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The SEC for the SAHP-FBDIBF:

SECSAHP-FBDIBF

= 𝐼𝑇𝐴SC + �̇�bmfCVbmf +𝑊Comp +𝑊BFD +𝑊BC�̇�water
. (11)

The specific thermal energy consumption (STEC) of the
SA-FBDIBF and the SAHP-FBDIBF was calculated using the
following equations [27].

The STEC for the SA-FBDIBF:

STECSA-FBDIBF = 𝐼𝑇𝐴SC + �̇�bmfCVbmf�̇�water
. (12)

The STEC for the SAHP-FBDIBF:

STECSAHP-FBDIBF = 𝐼𝑇𝐴SC + �̇�bmfCVbmf +𝑊Comp�̇�water
. (13)

The specific electrical energy consumption (SEEC) of the
SA-FBDIBF and the SAHP-FBDIBF was calculated using the
following equations [28].

The SEEC for the SA-FBDIBF:

SEECSA-FBDIBF = 𝑊BFD +𝑊BC�̇�water
. (14)

The SEEC for the SAHP-FBDIBF:

SEECSAHP-FBDIBF = 𝑊Comp +𝑊BFD +𝑊BC�̇�water
. (15)

Thermal efficiency of drying system is ratio of the energy
used for moisture evaporation to the energy input to drying
system. The thermal efficiency of the SA-FBDIBF and the
SAHP-FBDIBF was calculated using the following equations
[29].

The thermal efficiency of the SA-FBDIBF:

𝜂th,SA-FBDIBF = �̇�water𝐻𝑓𝑔𝐼𝑇𝐴SC + �̇�bmfCVbmf +𝑊BFD +𝑊BC
. (16)

The thermal efficiency of the SAHP-FBDIBF:

𝜂th,SAHP-FBDIBF

= �̇�water𝐻𝑓𝑔𝐼𝑇𝐴SC + �̇�bmfCVbmf +𝑊Comp +𝑊BFD +𝑊BC
, (17)

where𝐻𝑓𝑔 is latent heat of vapourization of water (kJ/kg).
Pickup efficiency is the ratio of the moisture evaporated

from wet product or the moisture picked up by the air in the
drying chamber to the theoretical capacity of the air to absorb
moisture. The pickup efficiency of the SA-FBDIBF and the

SAHP-FBDIBF was calculated using the following equation
[9]:

𝜂Pickup = 𝑚water�̇�da𝑡 (𝑌as − 𝑌𝑖) , (18)

where �̇�da is mass flow rate of dry air (kgdry air/s),𝑌𝑖 is absolute humidity of air entering drying chamber
(kgwater/kgdry air), and 𝑌as is adiabatic saturation humidity of
air entering drying chamber (kgwater/kgdry air).

The performance of drying system is satisfactorily
depending on the performance of each of the drying system
components such as solar collector, heat pump, and biomass
furnace.The thermal efficiency of a solar collector is the ratio
of useful heat gain by solar collector to the energy incident in
the plane of the collector. It was calculated using the following
equation [30]:

𝜂coll = �̇�air𝐶𝑃air (𝑇out,SC − 𝑇in,SC)𝐼𝑇𝐴SC
× 100%, (19)

where �̇�air is air mass flow rate, 𝐶𝑃air is specific heat of air,
and 𝑇in,SC and 𝑇out,SC are inlet and outlet air temperatures of
solar collector, respectively. 𝐴SC is an area of collector and 𝐼𝑇
is solar radiation incident in the collector.

The coefficient of performance of a heat pump (COP) is
the ratio of useful heat or heat energy released by the refrig-
erant in the condenser to the electrical energy consumed by
compressor. It was calculated using the following equation
[31]:

COPhp = �̇�air𝐶𝑃air (𝑇out,Cond − 𝑇in,Cond)𝑊Comp
, (20)

where 𝑇in,Cond and 𝑇out,Cond are inlet and outlet air temper-
atures of condenser, respectively, and 𝑊Comp is the electrical
energy consumed by the compressor.

The thermal efficiency of a biomass furnace is the ratio of
useful heat by biomass furnace to the heat energy generated
by the combustion of the biomass fuel. It was calculated using
the following equation [32]:

𝜂BF = �̇�air𝐶𝑃air (𝑇out,BF − 𝑇in,BF)�̇�bmfCVbmf
× 100%, (21)

where 𝑇in,BF and 𝑇out,BF are the inlet and outlet air temper-
atures of biomass furnace, respectively, �̇�bmf is biomass fuel
consumption rate, and CVbmf is caloric value of biomass fuel.
The biomass fuel uses coconut shell charcoal with a caloric
value of about 7600 kcal/kg [33].

Solar energy and biomass fuel energy fractions are
defined by energy supplied by solar collector and biomass
furnace parts of a drying system divided by the total drying
system load. The solar energy and biomass fuel energy
fractions of the SA-FBDIBF and the SAHP-FBDIBF were
calculated using the following equations [34].

The solar energy fraction for the SA-FBDIBF:

𝑓SE,SA-FBDIBF = �̇�air𝐶𝑃air (𝑇out,SC − 𝑇in,SC)𝐼𝑇𝐴SC + �̇�bmfCVbmf +𝑊BFD +𝑊BC

× 100.
(22)
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Table 1: Mathematical models used for drying curves [38–43].

Model name Model
Newton MR = exp (−𝑘𝑡)
Henderson and Pabis MR = 𝑎 exp (−𝑘𝑡)
Page MR = exp (−𝑘𝑡𝑛)

The solar energy fraction for the SAHP-FBDIBF:

𝑓SE,SAHP-FBDIBF

= �̇�air𝐶𝑃air (𝑇out,SC − 𝑇in,SC)𝐼𝑇𝐴SC + �̇�bmfCVbmf +𝑊Comp +𝑊BFD +𝑊BC

× 100%.
(23)

The biomass fuel energy fraction for the SA-FBDIBF:

𝑓bmf,SA-FBDIBF = �̇�air𝐶𝑃air (𝑇out,BF − 𝑇in,BF)𝐼𝑇𝐴SC + �̇�bmfC𝑉bmf +𝑊BFD +𝑊BC

× 100%.
(24)

The biomass fuel energy fraction for the SAHP-
FBDIBF:

𝑓bmf,SAHP-FBDIBF

= �̇�air𝐶𝑃air (𝑇out,BF − 𝑇in,BF)𝐼𝑇𝐴SC + �̇�bmfCVbmf +𝑊Comp +𝑊BFD +𝑊BC

× 100%.
(25)

2.3.2. Mathematical Modelling of Drying Curves. The exper-
imental dimensionless moisture content data obtained were
fitted to the three best drying models given in Table 1. The
dimensionlessmoisture content data was estimated as follows
[35]:

MR = (𝑀𝑡 −𝑀𝑒)(𝑀𝑜 −𝑀𝑒) , (26)

where MR is the dimensionless moisture content and 𝑀𝑒,𝑀𝑜, and𝑀𝑡 are the equilibrium moisture content, the initial
moisture content, and themoisture content at any time in dry
basis, respectively; because of the continuous fluctuation of
the relative humidity of the drying air during their drying
processes the dimensionless moisture content (MR) was
simplified to the following equation [36]:

MR = 𝑀𝑡𝑀𝑜 . (27)
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Figure 9:The variation of solar radiation and efficiency of collector
with drying time.

The correlation coefficient (𝑅2), mean bias error (MBE), and
root mean-square error (RMSE) obtained for these mathe-
matical models were used to analyze the relative goodness of
the fit. These parameters were calculated as follows [37]:

MBE = 1𝑁
𝑁∑
𝑖=1

(MRpre,𝑖 −MRexp,𝑖)2 ,

RMSE = [ 1𝑁
𝑁∑
𝑖=1

(MRpre,𝑖 −MRexp,𝑖)2]
1/2

,
(28)

whereMRexp,𝑖 is the 𝑖th experimental dimensionlessmoisture
content, MRpre,𝑖 is the 𝑖th predicted dimensionless moisture
content,𝑁 is the number of observations, and 𝑛 is the number
constant.

3. Results and Discussion

The variations of solar radiation and collector efficiency
with drying time for solar assisted heat pump fluidized bed
dryer integrated biomass furnace (SAHP-FBDIBF) and solar
assisted fluidized bed dryer integrated biomass furnace (SA-
FBDIBF) are shown in Figure 9. For the SA-FBDIBF, the
solar radiation was recorded in the range of 659.2Wm−2–
900.8Wm−2, with an average value of 777.2Wm−2. For the
SAHP-FBDIBF, the solar radiation was recorded in the
range of 805.9Wm−2–923.2Wm−2, with an average value of
863.8Wm−2, whereas the collector efficiencies were calcu-
lated in the range of 30.01%–72.69% and 35.72%–58.51%,
with average values of 58.20 and 50.51% for SA-FBDIBF
and SAHP-FBDIBF, respectively, under an air mass flow rate
of 0.1037 kgs−1. The evaluation of the uncertainty of dryer
performance is presented in Table 2.

The variations of temperature and relative humidity at
inlet and outlet of heat pump with drying time for SAHP-
FBDIBF are shown in Figure 10. The temperatures at inlet
and outlet of the heat pump were in the range of 35.1∘C–
37.0∘C and 40.4∘C–42.0∘C, with average values of 36.0∘C and
41.3∘C, respectively, whereas the relative humidity at inlet and
outlet of the heat pump was in the range of 53.7%–64.4%
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Table 2: Uncertainties of the parameters during drying experiment
of paddy.

Parameters Unit
Uncertainty comment
SA-

FBDIBF
SAHP-
FBDIBF

Ambient air temperature ∘C ±0.17 ±0.17
Inlet air temperature of heat
pump

∘C — ±0.17
Outlet air temperature of
heat pump

∘C — ±0.17
Inlet air temperature of
condenser

∘C — ±0.17
Outlet air temperature of
condenser

∘C — ±0.17
Inlet air temperature of solar
collector

∘C ±0.17 ±0.17
Outlet air temperature of
solar collector

∘C ±0.17 ±0.17
Inlet air temperature of
biomass furnace

∘C ±0.17 ±0.17
Outlet air temperature of
biomass furnace

∘C ±0.17 ±0.17
Inlet air temperature of
drying chamber

∘C ±0.17 ±0.17
Outlet air temperature of
drying chamber

∘C ±0.17 ±0.17
Ambient air relative
humidity % ±0.22 ±0.22
Inlet air relative humidity of
heat pump % — ±0.22
Outlet air relative humidity
of heat pump % — ±0.22
Inlet air relative humidity of
drying chamber % ±0.22 ±0.22
Outlet air relative humidity
of drying chamber % ±0.22 ±0.22
Inlet air absolute humidity of
drying chamber

kg water/
kg dry air ±0.26 ±0.26

Inlet air adiabatic saturation
humidity of drying chamber

kg water/
kg dry air ±0.26 ±0.26

Solar radiation W/m2 ±0.14 ±0.14
Air velocity m/s ±0.24 ±0.24
Mass loss of samples g ±0.014 ±0.014
Mass loss of products kg ±0.11 ±0.11
Reading values of table (𝜌,𝐶𝑃air , CV, and𝐻𝑓𝑔) — ±0.1–0.2 ±0.1–0.2
Time measurement min ±0.1 ±0.1

and 39.8%–44.1%, with average values of 58.1% and 41.6%,
respectively.The heat pump can increase the temperature and
decrease relative humidity with average values of 5.2∘C and
16.5%, respectively.

The variations of temperature at inlet and outlet of
condenser and COP of the heat pump with drying time
for SAHP-FBDIBF are shown in Figure 11. The temperature
at inlet and outlet of the condenser ranged from 27.0∘C to
29.8∘Cand40.4∘C to 42.0∘C,with average values of 27.9∘Cand
41.3∘C, respectively, whereas the COP of the heat pump was
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calculated in the range of 3.33–4.06, with an average value of
3.74, respectively, under an airmass flow rate of 0.10369 kgs−1.

The variation of temperature at inlet and outlet of biomass
furnace and efficiency of biomass furnace with drying time
for SAHP-FBDIBF and SA-FBDIBF are shown in Figure 12.
For the SA-FBDIBF, the temperature at inlet and outlet of the
biomass furnace ranged from 39.1∘C to 51.4∘C and 83.8∘C to
88.7∘C,with average values of 44.5∘Cand 86.7∘C, respectively.
For the SAHP-FBDIBF, the temperatures at inlet and outlet
of the biomass furnace were in the range of 46.5∘C–51.2∘C
and 83.6∘C–88.2∘C, with average values of 49.8∘C and 85.9∘C,
respectively, whereas the efficiencies of the biomass furnace
were calculated in the range of 65.14%–86.44% and 71.33%–
80.36%, with average values of 75.57% and 77.49% for SA-
FBDIBF and SAHP-FBDIBF, respectively, under an air mass
flow rate of 0.1037 kgs−1.

The variation of temperature and relative humidity at inlet
and outlet of drying chamber (fluidized bed)with drying time
for SAHP-FBDIBF and SA-FBDIBF are shown in Figures
13 and 14. Figure 13 shows the variation of temperature
at inlet and outlet of drying chamber with drying time.
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Figure 12: The variation of temperature and efficiency of biomass
furnace with drying time.
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Figure 13: The variation of temperature with drying time.

For the SA-FBDIBF, the temperatures at inlet and outlet
of drying chamber were recorded in the range of 77.9∘C–
83.8∘C and 45.9∘C–67.3∘C, with average values of 80.3∘C
and 59.8∘C, respectively, whereas, for the SAHP-FBDIBF,
the temperatures at inlet and outlet of the drying chamber
were recorded in the range of 78.9∘C–81.6∘C and 50.9∘C–
67.9∘C, with average values of 80.9∘C and 61.4∘C, respectively.
Figure 14 shows the variation of relative humidity at inlet
and outlet of drying chamber with drying time. For the
SA-FBDIBF, the relative humidity at inlet and outlet of the
drying chamber ranged from 10.85% to 13.12% and 15.7% to
48.3%, with average values of 12.28% and 24.3%, respectively,
whereas, for the SAHP-FBDIBF, the relative humidity at inlet
and outlet of the drying chamber ranged from 6.91% to 8.74%
and 17.8% to 53.2%, with average values of 8.14% and 27.5%,
respectively. As seen from Figures 13 and 14 the temperature
and relative humidity at outlet of drying chamber increased
and decreased with increasing in drying time. These, due to
the heat transfer coefficient and the mass transfer coefficient,
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decreased in the drying time. Also, as seen from Figures
13 and 14 the temperature at outlet (leaving) of the drying
chamber is high and the relative humidity outlet (leaving) of
the drying chamber is low, and it is potential for recirculating
to dry the paddy.

The variations of mass change and moisture content of
paddy with drying time for SAHP-FBDIBF and SA-FBDIBF
are shown in Figures 15 and 16. Figure 15 shows the variation
of mass change of paddy with drying time for SAHP-FBDIBF
and SA-FBDIBF.The SA-FBDIBF reduced the mass of paddy
from 11 kg to 9.51 kg under an air mass flow rate of 0.1037 kg/s,
with average temperature and relative humidity which were
80.3∘C and 12.28% within 35 minutes whereas the SAHP-
FBDIBF reduced the mass of paddy from 11 kg to 9.25 kg with
average temperature and relative humiditywhichwere 80.9∘C
and 8.14% in the same period. Figure 16 shows the variation
of moisture content of paddy with drying time for SAHP-
FBDIBF and SA-FBDIBF. The moisture content of paddy
in the SA-FBDIBF was reduced from 32.85% dry basis to
14.8557% dry basis within 35 minutes whereas the moisture
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content of paddy in the SAHP-FBDIBF was reduced from
32.85% dry basis to 11.727% dry basis in the same period.
As seen from Figures 15 and 16 in order to secure long-
term storage and milling, the moisture content of paddy
only needs to be reduced to 16.292% dry basis (14% wet
basis; 9.6 kg). At the level of this moisture content the SA-
FBDIBF and SAHP-FBDIBF required 29.73 minutes and
22.95minutes, respectively.The SAHP-FBDIBF had a shorter
drying time compared to the SA-FBDIBF. In other words, the
SAHP-FBDIBF reduced the drying time 22.81% compared
to the SA-FBDIBF. This, due to its moisture content transfer
rate, is higher than the SA-FBDIBF, and this caused by the
difference in the partial vapour pressure between paddy and
the drying air obtained in the SAHP-FBDIBF is higher than
in the SA-FBDIBF. This difference value is very dependent
on the drying air relative humidity, when drying air relative
humidity is low; the difference in the partial vapour pressure
between paddy and the drying air is also high and vice versa.

The variations of drying rate with drying time for SAHP-
FBDIBF and SA-FBDIBF are shown in Figure 17. The drying
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rate of paddy was calculated in the range of 0.022 kg/minute–
0.068 kg/minute and 0.027 kg/minute–0.083 kg/minute, with
average values of 0.043 kg/minute and 0.050 kg/minute for
SA-FBDIBF and SAHP-FBDIBF, respectively. As seen from
Figure 17 the drying rate decreased with increase in drying
time.This, due to the evaporation rate of moisture, decreased
in the drying time.

The variations of SEC with drying time for SAHP-
FBDIBF and SA-FBDIBF are shown in Figure 18. The SEC
ranged from 3.226 kWh/kg to 8.798 kWh/kg for SA-FBDIBF
and from 2.502 kWh/kg to 7.615 kWh/kg for SAHP-FBDIBF,
with average values of 5.454 kWh/kg and 4.763 kWh/kg,
respectively. As seen from Figure 18 the SEC increased with
increase in drying time.

The variations of STEC and SEEC with drying time
for SAHP-FBDIBF and SA-FBDIBF are shown in Figures
19 and 20. Figure 19 shows the variation of STEC with
drying time for SAHP-FBDIBF and SA-FBDIBF. The STEC
was calculated in the range of 1.434 kWh/kg–4.427 kWh/kg
and 0.978 kWh/kg–3.029 kWh/kg, with average values of
2.579 kWh/kg and 1.864 kWh/kg for SA-FBDIBF and SAHP-
FBDIBF, respectively. Figure 20 shows the variation of
SEEC with drying time for SAHP-FBDIBF and SA-FBDIBF.
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The SEEC was calculated in the range of 1.005 kWh/kg–
3.106 kWh/kg and 0.898 kWh/kg–2.781 kWh/kg, with aver-
age values of 1.809 kWh/kg and 1.712 kWh/kg for SA-FBDIBF
and SAHP-FBDIBF, respectively. As seen from Figures 19 and
20 the STEC and SEEC increased with increase in drying
time.

The variations of SMER and dryer thermal efficiency
with drying time for SAHP-FBDIBF and SA-FBDIBF are
shown in Figures 21 and 22. Figure 21 shows the variations of
SMER with drying time for SAHP-FBDIBF and SA-FBDIBF.
The SMER ranged from 0.124 kg/kWh to 0.310 kg/kWh
and 0.131 kg/kWh to 0.399 kg/kWh, with average values of
0.204 kg/kWh and 0.241 kg/kWh for SA-FBDIBF and SAHP-
FBDIBF, respectively. Figure 22 shows the dryer thermal
efficiency with drying time for SAHP-FBDIBF and SA-
FBDIBF.The dryer thermal efficiencies ranged from 7.29% to
19.88% and 8.42% to 25.63%, with average values of 12.28%
and 15.44% for SA-FBDIBF and SAHP-FBDIBF, respectively.

The variations of pickup efficiency with drying time for
SAHP-FBDIBF and SA-FBDIBF are shown in Figure 23. The
pickup efficiencies were calculated in the range of 20.55%–
62.08% and 23.69%–73.40%, with average values of 33.55%
and 43.84% for SA-FBDIBF and SAHP-FBDIBF, respectively.
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As seen from Figure 23 the pickup efficiency of the SAHP-
FBDIBF is higher than the SA-FBDIBF. This, due to the
evaporation rate of moisture in the SAHP-FBDIBF, is higher
than the SA-FBDIBF.

The variations of the energy fraction with drying time
for SAHP-FBDIBF and SA-FBDIBF are shown in Figure 24.
The solar fraction by the solar energy ranged from 7.2% to
16.2% for SA-FBDIBF and from 9.4% to 11.7% for SAHP-
FBDIBF, with average values of 10.9% and 10.6%, respectively.
The biomass fraction by the biomass energy ranged from
31.6% to 43.6% for SA-FBDIBF and from 27.8% to 31.7%
for SAHP-FBDIBF, with average values of 36.6% and 30.4%,
respectively.

Table 3 shows a summary of the experimental results for
drying of paddy by using the SA-FBDIBF and SAHP-FBDIBF.
The results revealed the SAHP-FBDIBF is better than the
SA-FBDIBF. This, due to the drying rate, SMER, thermal
efficiency of dryer, and pickup efficiency, is higher than the
SA-FBDIBF.
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Table 3: Performance evaluation of the SA-FBDIBF and SAHP-
FBDIBF for drying of paddy.

Parameters Unit SA-FBDIBF SAHP-FBDIBF
Initial mass of paddy kg 11 11
Final mass of paddy kg 9.62 9.62
Initial moisture
content of paddy (dry
basis)

% 32.85 32.85

Final moisture
content of paddy (dry
basis)

% 16.29 16.29

Air mass flow rate kg/s 0.1037 0.1037
Average efficiency of
solar collector % 58.20 50.51

Average COP of heat
pump — — 3.74

Average efficiency of
biomass furnace % 75.57 77.49

Average drying
chamber temperature

∘C 80.3 80.9

Average drying
chamber relative
humidity

% 12.28 8.14

Drying time Minutes 29.73 22.95
Average drying rate kg/minutes 0.043 0.050
Average SEC kWh/kg 5.454 4.763
Average STEC kWh/kg 2.579 1.864
Average SEEC kWh/kg 1.809 1.712
Average SMER kg/kWh 0.204 0.241
Average thermal
efficiency of dryer % 12.28 15.54

Average pickup
efficiency % 33.55 43.84

Average solar energy
fraction % 10.9 10.6

Average biomass
energy fraction % 36.6 30.4

The variations of dimensionless moisture content data
of dried paddy in a SAHP-FBDIBF and a SA-FBDIBF with
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Figure 25: The variation of dimensionless moisture content with
drying time.

drying time are shown in Figure 25. The dimensionless
moisture content of paddy reduced exponentially as the dry-
ing time increased. Continuous decreasing in dimensionless
moisture content indicates that diffusion has governed the
internal mass transfer. As seen from Figure 25 the reduction
of moisture content of paddy dried using SAHP-FBDIBF
is faster than the SA-FBDIBF; this due to the air drying
relative humidity is lower than the SA-FBDIBF.At low relative
humidity, the difference in partial vapour pressure between
paddy and the air drying is high; thereby the acceleration of
moisture migration is also high.

The dimensionless moisture content data of dried paddy
in a SAHP-FBDIBF and a SA-FBDIBF were fitted in three
drying models such as the Newton model, Henderson-Pabis
model, and the Page model. The regression constant, the
values of the coefficient of determination (𝑅2), the mean bias
error (MBE), and the root mean-square error (RMSE) for
these dryingmodels are given in Table 4. It can be observed in
Table 4 that the Page model fitted best with the experimental
data compared to the Newton and Henderson-Pabis drying
models; this due to the values of 𝑅2 is higher, and MBE
and RMSE are lower than the Newton and Henderson-Pabis
drying models. Page model for drying of paddy using a
SAHP-FBDIBF gave 𝑅2 = 0.9998, MBE = 0.0000093, and
RMSE= 0.00305.Meanwhile, Pagemodel for drying of paddy
using a SA-FBDIBF gave 𝑅2 = 0.9996, MBE = 0.0000145, and
RMSE = 0.00381.

The plots of the experimental dimensionless moisture
content (MR) with predicted dimensionless moisture content
(MR) from the Page models for SA-FBDIBF and SAHP-
FBDIBF are shown in Figures 26 and 27. The data indicate
the suitability of the developed model to describe the drying
behaviour of paddy.

The variations of drying rate with dimensionlessmoisture
content of dried paddy in a SAHP-FBDIBF and a SA-FBDIBF
are shown in Figure 28. Drying of paddy occurred in falling
rate period; constant drying rate period was not found.
During the falling rate period, the drying rate decreased
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Table 4: Statistical results mathematical modelling of drying curves.

Model Method of drying Model coefficients and
constants 𝑅2 MBE RMSE

Newton SA-FBDIBF 𝑘 = 0.1180 0.9959 0.00012 0.01095
SAHP-FBDIBF 𝑘 = 0.1510 0.9974 0.00013 0.01129

Henderson and Pabis SA-FBDIBF 𝑘 = 0.1142; 𝑎 = 1.0189 0.9975 0.00086 0.02932
SAHP-FBDIBF 𝑘 = 0.1468; 𝑎 = 1.0213 0.9985 0.00091 0.03021

Page SA-FBDIBF 𝑘 = 0.9268; 𝑛 = 0.1337 0.9996 0.0000145 0.00381
SAHP-FBDIBF 𝑘 = 0.9368; 𝑛 = 0.1684 0.9998 0.0000093 0.00305
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Figure 26: Comparison of experimental dimensionless moisture
content (MR) with predicted dimensionless moisture content (MR)
from the Page model for the SA-FBDIBF for drying of paddy.
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Figure 27: Comparison of experimental dimensionless moisture
content (MR) with predicted dimensionless moisture content (MR)
from the Page model for the SAHP-FBDIBF for drying of paddy.

continuously with decreasing dimensionless moisture con-
tent and increasing drying time. These are similar results as
the observation of earlier researcher [44]. From the curve of
drying ratewith dimensionlessmoisture content of paddy, the
regression equations are as follows.
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Figure 28: The variation of drying rate with moisture content dry
basis.

For SA-FBDIBF,

DR = 0.1533 + 0.0651 ln (MR) ; 𝑅2 = 0.966. (29)

For SAHP-FBDIBF,

DR = 0.1336 + 0.0637 ln (MR) ; 𝑅2 = 0.9563. (30)

4. Conclusion

The performances of a solar assisted fluidized bed dryer
integrated biomass furnace (SA-FBDIBF) and a solar assisted
heat pump fluidized bed dryer integrated biomass furnace
(SAHP-FBDIBF) for drying of paddy have been evaluated,
and also drying kinetics of paddy were evaluated. The SA-
FBDIBF and the SAHP-FBDIBF were used to dry paddy
from 11 kg with moisture content of 32.85%db to moisture
content of 16.29%db (14%wb) under an air mass flow rate
of 0.1037 kg/s within 29.73 minutes and 22.95 minutes, with
average temperatures and relative humidities of 80.3∘C and
80.9∘C and 12.28% and 8.14%, respectively. The collector
efficiencies and biomass furnace efficiencies were calculated
with average values of 58.20% and 50.51%, and 75.57% and
77.49% for SA-FBDIBF and SAHP-FBDIBF, respectively. The
averageCOPof the heat pumpwas calculated on an average of
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3.74.The average drying rate and specific moisture extraction
rate were estimated as 0.043 kg/minute and 0.050 kg/minute
and 0.204 kg/kWh and 0.241 kg/kWh for SA-FBDIBF and
SAHP-FBDIBF, respectively. The specific energy consump-
tion, specific thermal energy consumption, and specific
electrical energy consumption were calculated with average
values of 5.454 kWh/kg and 4.763 kWh/kg, 2.579 kWh/kg
and 1.864 kWh/kg, and 1.809 kWh/kg and 1.712 kWh/kg for
SA-FBDIBF and SAHP-FBDIBF, respectively.The dryer ther-
mal efficiencies and pickup efficiencies were average values of
12.28% and 15.44%, and 33.55% and 43.84% for SA-FBDIBF
and SAHP-FBDIBF, respectively, whereas the average solar
and biomass fractions were 10.9% and 10.6%, and 36.6% and
30.4% for SA-FBDIBF and SAHP-FBDIBF, respectively. The
drying of paddy occurred in the falling rate period. The
experimental dimensionless moisture ratio data were fitted
to three mathematical models. Page’s model was found best
to describe the drying behaviour of paddy. Result shows that
the SAHP-FBDIBF is better than the SA-FBDIBF; this due to
the performance is higher than the SA-FBDIBF.

Nomenclature

𝐴SC: Area of solar collector (m2)
cos𝜑: Power factor𝑎: Drying constant
MBE: Mean bias error𝐶𝑃air : Specific heat of air (Jkg−1C−1)𝐼: Line current (ampere)𝐼𝑇: Solar radiation (Wm−2)�̇�air: Air mass flow rate (kg/s)�̇�bmf : Biomass fuel consumption rate (kg/h)�̇�da: Mass flow of dry air (kgdry air/s)�̇�water: Mass of water evaporation rate (kg/h)𝑚wetp: Mass of wet paddy (kg)𝑉: Line voltage (volt)
CVbmf : Caloric value of biomass fuel (kcal/kg)𝐻𝑓𝑔: Latent heat of vapourization of water

(J/kg)𝑚𝑑: Mass of bone dry of paddy (kg)𝑀𝑒: Equilibrium moisture content in dry
basis (%)𝑀wb,𝑓: Final moisture content in wet basis (%)𝑀wb,𝑖: Initial moisture content in wet basis (%)𝑀𝑜: Initial moisture content in dry basis (%)𝑀𝑡: Moisture content at any time in dry
basis (%)𝑁: Number of observations𝑛: Drying contant𝑅2: Coefficient of determination

RMSE: Root mean-square error𝑇: Temperature (∘C)𝑊BC: Electrical energy consumed by blower of
cyclone (kW)𝑊BFD: Electrical energy consumed by blower of
fluidized bed (kW)𝑊Comp: Electrical energy consumed by
compressor (kW)

𝑌as: Adiabatic saturation humidity of air
(kgwater/kgdry air)𝑌𝑖: Absolute humidity of air (kgwater/kgdry air).

Subscripts

BF: Biomass furnace
Comp: Compressor
Cond: Condenser
hp: Heat pump
SC: Solar collector.
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A flat-plate Vacuum Insulated Photovoltaic and Thermal (VIPV/T) system has been thermodynamically simulated and
experimentally evaluated to assess the thermal and electrical performance as well as energy conversion efficiencies under a
subtropical climate. A simulation model made of specified components is developed in Transient Systems (TRNSYS) environment
into which numerical energy balance equations are implemented. The influence of vacuum insulation on the system’s electrical
and thermal yields has been evaluated using temperatures, current, voltage, and power flows over daily and annual cycles under
local meteorological conditions.The results from an experiment conducted under steady-state conditions in Durban, South Africa,
are compared with the simulation based on the actual daily weather data. The VIPV/T has shown improved overall and thermal
efficiencies of 9.5% and 16.8%, respectively, while electrical efficiency marginally reduced by 0.02% compared to the conventional
PV/T.The simulated annual overall efficiency of 29% (i.e., 18% thermal and 11% electrical) has been realised, in addition to the solar
fraction, overall exergy, and primary energy saving efficiencies of 39%, 29%, and 27%, respectively.

1. Introduction

Considering the enormous amount of untapped renewable
energy resources worldwide, the technical, economic, and
market potentials for solar energy harnessing systems are
still far below the theoretical potential due to their diffuse
and intermittent nature. The main challenge is how to move
to more efficient power generation and conversion systems,
while at the same time continuing to extend affordable access.
Hybrid photovoltaic/thermal (PV/T) systems have emerged
as economic and efficient state of the art technologies for solar
energy conversion into both electrical and thermal (heat)
energy simultaneously within the same unit. They provide
effective and convenient means of maximizing total energy
output per unit areas compared to individual thermal and PV
modules mounted side by side [1]. However, in their current
states, electrical energy generation is prioritized in hybrid
PV/T systems, while thermal energy output is relegated to
an electrical efficiency improvementmechanism.Hence, they

operate at comparatively lower thermal efficiencies compared
to individual solar thermal collectors inhibiting their compet-
itiveness and application. Since silicon PV cells are limited to
an electrical efficiency between 15% and 20% [2], any attempt
to improve the PV/T systems’ overall efficiencymust focus on
the thermal output.

Considerable gains have been recorded in hybrid PV/T
technology with regard to overall system efficiency improve-
ment in the recent past. These studies are related but not
limited to the performance evaluation of different types of
PV/T configurations, geometrical optimization, and opera-
tional parameters associated with the PV/T [3, 4]. Exper-
imental, simulation, and modelling studies using different
techniques, software and simulation tools, have resulted in
various useful outcomes [1, 5–11]. Numerous theories and
computer based thermal models have been proposed [12,
13], analytical expressions and characteristic equations were
derived [14], and design configurations were suggested and
simulation results were obtained [4, 15]. Validation studies
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by comparison between simulated and experimental data for
error analysis have given insights into the extent of accuracy
of simulated results [16–18].

The present study investigates the vacuum insulation
as thermal efficiency improvement technique in a flat-plate
hybrid PV/T system without compromising electrical effi-
ciency to increase its competitiveness with the individual
thermal units. A graphical simulation model with special
temperature controls is developed in TRNSYS program into
which detailed numerical data are entered to accurately
evaluate the functional properties of the Vacuum Insulated
Hybrid Photovoltaic and Thermal (VIPV/T) system. The
influence of vacuum insulation on the electrical and thermal
performance of the PV/T system using temperatures and
power flow over medium-term duration (daily cycle) is
done based on the model developed. To check the func-
tionality, validity, and accuracy of the model, the results
are compared with those of an outdoor experiment con-
ducted on the hybrid VIPV/T and conventional air-insulated
PV/T subjected to the same weather conditions and input
parameters.

The experimental set-up is presented in Section 2,
describing the procedures, materials, and equipment. Sec-
tion 3 presents the system’s model developed in TRNSYS
environment, giving details of individual component types
and numerical energy balance equations. The simulation
procedure is covered in Section 4, and simulation results
are discussed in terms of energy yields and efficiencies in
Section 5. Section 6 deals with validation of simulation results
with experimental data, and finally the relevant conclusions
are drawn in Section 7.

2. Experimental Set-Up

The materials and equipment used in the experiment were
as follows: water storage tank, battery, charge controller,
water circulation pump, data logger, thermocouples, and
multimeter. A conventional PVT collector with air gap was
used as a control, installed side by side, and connected
in parallel with the VIPVT collector ensuring their outlets
discharge to the tank in complete independence on each
other. The whole assembly was subjected to same weather
input parameters such as solar irradiance, wind speed, and
air temperature measured and recorded on site. The various
components were assembled onto a mobile support frame
for mobility and easy positional adjustment. The angle of
inclination was fixed at optimum level of 35∘ adopted from
the previous simulation study by [19]. The plumbing works
were done using 22mm copper tubes and associated fittings
with the hot water side lagged to reduce heat losses to the
environment.Thewater storage tank was laid horizontally for
ease of water draw and stability of support structure.

The solar irradiance was measured using a thermopile
SPN1 pyranometer having a sensitivity factor of 0.1, while
wind speed and air temperature were measured using R M
Young and Campbell scientific sensors, respectively, with
accuracies of ±0.1 each. The PV cell average temperature
wasmeasured using 5 surfacemountedType-E thermocouple
sensors distributed evenly on the surface of the panel whose

readings were simultaneously logged and averaged.Thewater
temperatures at the inlets and outlets of the modules were
measured by use of type-K thermocouples and logged onto
the DataTaker DT80 and then transferred to the computer
for storage and further analysis at the end of each day.
The electrical terminals were connected to the charge con-
troller, enabling currents and voltages from each panel to be
measured and logged separately. The charge controller was
installed and configured with an algorithm to charge and
monitor the state of charge of the regulated valve lead acid
deep cycle battery. A 300W inverter was connected to the
battery to convert DC to AC and supply power to the loads
which would discharge the battery in readiness for another
charge cycle.

In order to attain considerable difference in temperatures,
the measurements were configured to be logged at intervals
of 15 minutes, a time step that was good enough for solar
energy to make considerable change in temperatures. For
voltages and currents, this interval was insignificant, since
they varied in the order ofmilliseconds but were logged at the
same instances with the temperatures for assessment of effi-
ciencies. Measurements of current, voltage, and temperatures
(inlet, outlet, collector surface, and tank) at specified regular
intervals during the sunshine hours enabled determination
of electrical power output, thermal output, and correlation
of effect of vacuum insulation. The results were further pro-
cessed and used as benchmark for simulation. The pictorial
representations of the front and rear views of the set-up are
as shown in Figure 1.

3. The TRNSYS Model of the PV/T System

The system model is developed using predefined individual
component models with preformulated properties and user-
specified/modified numerical characterisation in Transient
Systems Simulation (TRNSYS) software. The program was
chosen because it consists of subroutines that model sub-
systems. The basic hybrid PV/T system is represented by
a TRNSYS model comprised of a combination of several
components interlinked together by lines and arrows depict-
ing the process and information flows. Each component is
associated with a specific task and a combined effect of
the components accomplishes the intended larger task of
the whole system. For each connection, there are accurately
defined inputs, inbuilt parameters activated to influence the
behaviour of a component in a desired manner, and the
expected outputs.

The flexibility of the model allows for change of com-
ponent parameters like the manufacturer’s geometric and
operational specifications to simulate expected performances
subject to the prevailing meteorological conditions. By alter-
ing the weather characteristics of the intended geographical
location of installation and the geometrical dimensions of the
PV/T collector module, the model is capable of giving out
the results of thermal and electrical performance. Although
the loads may vary, flexibility in alteration of the various
schedules as per location is also provided. The user has the
option of altering the desired outputs to be plotted, but
basically the most critical ones have been included in this
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Figure 1: The experimental set-up assembly

model. The graphical representation of the model is shown
in Figure 2.

3.1. General System Description of the PV/T Model. Pumped
circulation system is preferred for this study because of
its flexibility in location of the storage tank and improved
aesthetics of the system. The water loop/thermal side of
the model is somewhat contrived, with the solar pump
circulating cold water from the storage tank to the VIPV/T or
PV/T collector array where it is heated. Hot water then leaves
the collector into the tank for storage and further to the hot
water loads. The ON/OFF differential controller senses the
set lower and higher limits of VIPV/T or PV/T temperatures
and triggers the solar pump accordingly. The controller also
causes the tank to be emptied through the flow mixer by
a predefined load and is refilled by make-up water when it
reaches a low volume limit.The storage tank is equipped with
an auxiliary heater that carries the heating load when there is
no sunshine.The electrical power output from the VIPV/T or
PV/T array is passed through the inverter/charge controller
which compares it with a predefined electrical loads. The
charge controller, depending on its settings, then determines
whether the electrical generation should be used to meet the
load or charge the battery.

A summary of the components used in the model is
presented in the Table 1. These components are selected
from the inbuilt TESS library and tested for compatibility
by comparing individual inputs, parameters, and expected
outputs with respect to the proceeding counterparts before
implementing them into the model.

3.2. Individual Component Models

3.2.1. VIPV/T and PV/T Collector Model. The structural
configuration of the PV/T collector typically comprises a PV
module mounted on a heat sensitive material known as the
absorber whose principal function is to conduct away the
heat absorbed by the PV cells to a circulating heat removal
fluid. Ducts or tubes are provided either under or above the
absorber plate to provide passage for the fluid, depending
on the configuration [15]. In the water based PV/T, sheet
and tube configuration is the most commonly used, reliable,

Table 1: TRNSYS model components.

Model part Component TRNSYS types
Main
components

PV/T collector Type 50d
Weather generator Type 15-2

Thermal loop

Storage tank Type 4c
ON/OFF differential controller Type 2b

Pump Type 3b
Flow diverter Type 11b
Flow mixer Type 11h

Electrical
loop

Battery Type 47
Voltage regulator/inverter Type 2b

Utility and
output
devices

On-line plotter Type 65c
Printer Type 25c

Integrator Type 24
Forcing functions (load profiles) Type 14h

cheap to construct, and most promising notwithstanding its
slightly lower efficiency compared to other configurations.
The collector may also be glazed (glass covered) or unglazed.
The former has been shown to attain the highest thermal
efficiency compared to the latter and has been recommended
for domestic sanitary water applications [4]. For the purpose
of this study, the application is in the domestic domain; hence
the glazed, sheet and tube design was chosen for simulation.

The modified conventional PV/T collector to include a
vacuum envelop between the glazing and PV cells constitutes
aVIPV/T collector. Both the PV/T andVIPV/T are simulated
as hybrid collectors that combine both the analysis and
operation of flat-plate collectors functioning at peak power
and I-V curves of the PV cells (or array) to solve for
peak power with current output at some forced voltage.
Consideration of energy loss as a function of temperatures,
wind speeds, solar radiation and collector angle gives rise
to parameters which are easily defined in the input file.
Since the VIPV/T collector is the main subject of this study,
it is modelled with modified heat loss characteristics due
to the vacuum insulation on the top part of the module
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Figure 2: The TRNSYS graphical model of VIPV/T system.

between the PV cells and the glazing.Thesemodifications are
made to encompass the radiative, convective, and conductive
heat flow characteristics. The technical specifications of the
modules used are summarized in Table 2.

3.2.2. The Energy Balance Models. Unidimensional models
achieve acceptable level of precision compared to the multi-
faceted ones when calculating the energy balance [20]. In this
regard, a transient model can be developed by upholding the
principle of conservation of energy on each of the individual
layers of the collector as seen in [1]. Based on this technique,
the energy balance is formulated for both PV/T and VIPV/T
modules, the results of which are sets of nonlinear transient
first-order differential equations. The cross sections of both
PV/T and VIPV/T are shown in Figure 3, demonstrating the

heat flows across the respective layers. It is worth noting that
the conventional PV/T has additional glass encapsulation
for the PV cells which is absent in the VIPV/T module
under consideration. The thermophysical properties and
parameters used in the model are tabulated in Table 3.

The Energy Balance Model for PV/T. For the single glazed
PV/T collector with glass-encapsulated PV cells, the heat flow
equations are formulated from Figure 3(a) in terms of heat
fluxes as follows.

The heat flux on the surface of the module top glazing �̇�
1

is a combination of heat loss due to radiation and effects of
wind, given by

�̇�
1

= �̇�
1,rad + �̇�1,wind. (1)
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Figure 3: The heat flow and temperature distribution diagrams for PV/T and VIPV/T modules.

Table 2: VIP/T and PV/T collector specifications.

Collector property VIP/T PV/T
Collector area 1.42m2 1.42m2

Collector slope 35∘ 35∘

Absorber type Sheet and tube Sheet and tube
Plate thickness 0.001m 0.001m
Plate material Copper Copper
Internal piping Copper Copper
Riser tube dia. 0.012m 012m
Header tube diameter 0.022m 022m
Tube spacing 120 120
Plate-tube attachment Welding Welding
Module power 180W 180W
PV cell type Monocrystalline Monocrystalline
PV cell area 0.0156m2 0.0156m2

Number of cells 72 72
PV cell encapsulation Nonencapsulated Encapsulated
Top insulation Vacuum Air
Bottom insulation Fibre wool Fibre wool
Insulation thickness 0.05m 0.05m

Glass cover 0.004m low iron
tempered

0.004m low iron
tempered

PV glass thickness 0.003m

The radiative heat flux form the top glazing surface due to
effect of sky radiation �̇�

1,rad is given as

�̇�
1,rad = 𝐹sky𝜀𝑔𝜎 (𝑇

4

1

− 𝑇
4

sky) + 𝐹grd𝜀𝑔𝜎 (𝑇
4

1

− 𝑇
4

𝑎

) , (2)

where

𝑇sky = 𝑇𝑎 [0.711 + 0.056𝑇dp + 0.000073𝑇
2

dp

+ 0.013 cos (15𝑡)]
0.25

.

(3)

𝑇dp and 𝑇𝑎 are dew point and ambient temperatures, respec-
tively, obtained from experimental measurements and 𝑡 time
in hours counted from midnight [21].

Table 3: Parameters used in the analysis.

Parameter Value
Emissivity of cover glass 0.9
Emissivity of PV cells 0.9
Thermal conductivity of glass 0.9W/mK
Width of air gap 50mm
Width of vacuum cavity 75mm
Thermal conductivity of air 0.025W/mK
Thermal conductivity of vacuum 0.004W/mK
Thermal conductivity of back insulation
layer 1W/m2K

Thermal conductivity of copper 385W/m2K
Heat capacity of water 4.2 kJ/kgK
Water flow rate 10 kg/m2h
Heat transfer from PV cell to absorber plate 125W/m2K
Volume of water storage tank 100 l
Heat loss from the storage tank 1W/K
Thermal diffusivity of air 2.69 × 10−5 (m/s2)
Kinematic viscosity of air 1.88 × 10−5 (m/s2)

The heat flux from the top glazing surface due to effect of
sky radiation carried away by wind �̇�

1,wind is given as

�̇�
1,wind =

Nuwind𝑘air
𝑙
𝑐

(𝑇
1
− 𝑇
𝑎
) , (4)

where

Nuwind = 0.56 (Racr sin𝛽)
0.25

+ 0.13 (Ra0.333 − Ra0.333cr ) ,

Ra =
Pr (𝑔𝛽 (𝑇

1
− 𝑇
𝑎
) 𝑙
3

𝑐

)

V2
,

(5)

where Racr = 10
8 and Pr = 𝜔/V. The heat flux across the top

glazing �̇�
2

is given as

�̇�
2

= �̇�
3,rad + �̇�3,conv − �̇�1,rad − �̇�1,wind +

𝑘
𝑔

𝛿
𝑇𝑔

(𝑇
2
− 𝑇
1
) . (6)
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The heat flux across the insulating air layer �̇�
3

is the
sum of the convective �̇�

3,conv and radiative �̇�
3,rad components

expressed as

�̇�
3

= �̇�
3,conv + �̇�3,rad − �̇�2 + �̇�4. (7)

The radiative heat flux across �̇�
3,rad is given as

�̇�
3,rad =

𝜀
𝑔
𝜀pv

𝜀
𝑔
+ 𝜀pv − 𝜀𝑔𝜀pv

𝜎 (𝑇
4

3

− 𝑇
4

2

) . (8)

The convective heat flux across the insulating air layer �̇�
3,conv

is determined as

�̇�
3,conv =

Nuair𝑘air
𝑙ins

(𝑇
3
− 𝑇
2
) , (9)

where
Nuair

= 1

+ 1.44 [1 −

1708 (sin1.8𝛽)1.6

Ra cos𝛽
][1 −

1708

Ra cos𝛽
]

+

+ [(
Ra cos𝛽
1708

)

0.333

− 1]

+

.

(10)

According to [21], the terms raised to (+) sign are considered
only if their value is positive.

It should be noted that heat flows are in both radiative and
convective modes in this layer.

The residual heat energy emitted from the PV module
must all be transferred to the absorber for maximum thermal
performance; thus, heat flux across the PVmodule �̇�

4

is given
as

�̇�
4

=

𝑘
𝑔

𝛿pvg
(𝑇
4
− 𝑇
3
) − �̇�
3

. (11)

The heat flux across the absorber �̇�
5

is given as

�̇�
5

= (𝜏𝛼 − 𝜏pv𝜂el)𝐺 − �̇�4 − ℎ5 (𝑇4 − 𝑇5) . (12)

Since, the PV module is attached to the absorber plate using
a thin and highly conductive adhesive layer of Tedlar, Ethyl
Vinyl Acetate (EVA), and glue successively. The respective
thermal conductivity (𝑘) values adopted for this study are
0.2W/mK, 0.35W/mK, and 0.85W/mK, and thickness (𝛿)
is 0.1mm, 0.5mm, and 50 𝜇m, respectively, to minimise
thermal resistance.The combined heat transfer coefficient for
the PV laminate is calculated as

ℎ
5
= (𝑅EVA + 𝑅tedlar + 𝑅glue)

−1

, (13)

where 𝑅 = 𝑙/𝑘𝐴 with respect to each layer.
The heat flux across the absorber-tube bond �̇�

6

is given as

�̇�
6

=
𝑘ins
𝛿ins

(𝑇ins − 𝑇abs) + �̇�5, (14)

�̇�
7

= �̇�
6

+
𝑘bond
𝛿bond

(𝑇
6
− 𝑇
7
) − �̇�𝐶

𝑝
(𝑇
𝑜
− 𝑇
𝑖
) . (15)

The heat flow between the absorber plate and PVmodule
is modelled as follows. Using the temperature distribution
schematic in Figure 3(a), Hottel-Whiller equation as given in
[21] is applied to obtain 𝑇abs as follows:

𝑇abs = 𝑇𝑎 + cosh (𝑚)
𝑇
𝑏
+ 𝑇
𝑎
− (𝛼𝜏 − 𝜏pv𝜂el)𝐺/𝑈loss

cosh [𝑚 (𝑊 − 𝐷
𝑒
) /2]

+

(𝛼𝜏 − 𝜏pv𝜂el)𝐺

𝑈loss
,

(16)

where

𝑚 = (
𝑈loss
𝑘𝛿abs

)

1/2

. (17)

The heat loss coefficient 𝑈loss and 𝑇5 are expressed as

𝑈loss =
�̇�
1,rad + �̇�1,wind + ℎ6 (𝑇5 − 𝑇abs)

(𝑇
3
− 𝑇
𝑎
)

,

𝑇
5
=
𝑇
𝑖
+ 𝑇
𝑜

2

+

�̇�𝐶
𝑝
(𝑇
𝑜
− 𝑇
𝑖
)𝐷
𝑒

Nu
𝑡
𝑘
𝑤

,

(18)

where Re < 2300 → Nu
𝑡
= 4.3 and Re > 2300 → Nu

𝑡
=

0.023Re0.8Pr0.4.
Taking the energy balance for the top glass cover, we

obtain

𝑀
1
𝐶
𝑝1

𝑑𝑇
1

𝑑𝑡

=
Nuair𝑘air
𝑙ins

(𝑇
3
− 𝑇
2
)

− 𝐹sky𝜀𝑔𝜎 (𝑇
4

1

− 𝑇
4

sky)

+

𝜀
𝑔
𝜀pv

𝜀
𝑔
+ 𝜀pv − 𝜀𝑔𝜀pv

𝜎 (𝑇
4

3

− 𝑇
4

2

)

−
Nuwind𝑘air

𝑙
𝑐

(𝑇
1
− 𝑇
𝑎
)

+ 𝐹grd𝜀𝑔𝜎 (𝑇
4

1

− 𝑇
4

𝑎

) .

(19)

The energy balance to the air insulation layer is given by

𝑀
2
𝐶
𝑝2

𝑑𝑇
2

𝑑𝑡

=

𝑘
𝑔

𝛿pvg
(𝑇
4
− 𝑇
3
) −

𝑘
𝑔

𝛿
𝑇𝑔

(𝑇
2
− 𝑇
1
)

−
Nuair𝑘air
𝑙ins

(𝑇
3
− 𝑇
2
)

−

𝜀
𝑔
𝜀pv

𝜀
𝑔
+ 𝜀pv − 𝜀𝑔𝜀pv

𝜎 (𝑇
4

3

− 𝑇
4

2

) .

(20)
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The energy balance to the PV encapsulation glass is given
by

𝑀
3
𝐶
𝑝3

𝑑𝑇
3

𝑑𝑡

= (𝜏𝛼 − 𝜏pv𝜂el)𝐺 −
𝑘
𝑔

𝛿pvg
(𝑇
4
− 𝑇
3
)

−
Nuair𝑘air
𝑙ins

(𝑇
3
− 𝑇
2
)

−

𝜀
𝑔
𝜀pv

𝜀
𝑔
+ 𝜀pv − 𝜀𝑔𝜀pv

𝜎 (𝑇
4

3

− 𝑇
4

2

) .

(21)

The energy balance to the PV module is given by

𝑀
4
𝐶
𝑝4

𝑑𝑇
4

𝑑𝑡

= ℎ
5
(𝑇
4
− 𝑇
5
) −

𝑘
𝑔

𝛿pvg
(𝑇
4
− 𝑇
3
) . (22)

The energy balance to the absorber plate is given by

𝑀
5
𝐶
𝑝5

𝑑𝑇
5

𝑑𝑡

= ℎabs (𝑇4 − 𝑇5) − ℎ𝑏−𝑎 (𝑇5 − 𝑇𝑎)

− ℎ
𝑏
(𝑇
5
− 𝑇
6
) .

(23)

The energy balance to the absorber plate and tube joints
is given by

𝑀
6
𝐶
𝑝6

𝑑𝑇
6

𝑑𝑡

= ℎabs (𝑇4 − 𝑇5) − ℎ𝑏−𝑎 (𝑇5 − 𝑇𝑎)

− �̇�𝐶
𝑝
(𝑇
𝑜
− 𝑇
𝑖
) .

(24)

Finally, the energy balance to the fluid flowing in the tubes is
given by

𝑀
7
𝐶
𝑝7

𝑑𝑇
7

𝑑𝑡

= ℎ
𝑏
(𝑇
6
− 𝑇
7
) − �̇�𝐶

𝑝
(𝑇
𝑜
− 𝑇
𝑖
) , (25)

where 𝑇
7
is taken to be the fluid mean temperature given by

𝑇
7
=
𝑇
𝑖
+ 𝑇
𝑜

2

. (26)

The Energy Balance Model for VIPV/T. The thermal energy
flow through the layers constituting the VIPV/T is analysed
in the samemanner as the PV/T. Referring to Figure 3(b), the
heat flow schematics are presented enabling an energy study.
Themajor difference between the two scenarios is that the air
insulation layer has been replaced with a vacuum insulation
layer and the PV glass encapsulation is removed. This option
eliminates �̇�

3,conv and �̇�
4

terms; hence (9) and (11) do not
apply.The heat flow equations are thus formulated as follows.

The heat flow to form the top glazing cover remains
unchanged as expressed in (1).

Heat flux through the top glazing is given by

�̇�
2

= �̇�
3,rad − �̇�1,rad − �̇�1,wind +

𝑘
𝑔

𝛿
𝑇𝑔

(𝑇
2
− 𝑇
1
) . (27)

Heat flow through the vacuum insulation �̇�
3

is the same
as given in (8).

The heat flow through the PV module to the collector
plate �̇�

4

is formulated as

�̇�
4

= (𝜏𝛼 − 𝜏pv𝜂el)𝐺 − 𝑞3,rad. (28)

The heat flow between the absorber plate and PVmodule
�̇�
4

and from the back of the collector to the ambient �̇�
5

remains as formulated in (12) and (14).
The heat transfer coefficient for the PV module to the

collector ℎ
4
is equal to ℎ

5
as shown in (13).

The heat flow to the water inside the tube �̇�
6

is equivalent
to �̇�
7

as given in (15).
Taking the energy balance for the glass cover, we obtain

𝑀
1
𝐶
𝑝1

𝑑𝑇
1

𝑑𝑡

=

𝜀
𝑔
𝜀pv

𝜀
𝑔
+ 𝜀pv − 𝜀𝑔𝜀pv

𝜎 (𝑇
4

3

− 𝑇
4

2

)

− 𝐹sky𝜀𝑔𝜎 (𝑇
4

1

− 𝑇
4

sky)

−
Nuwind𝑘air

𝑙
𝑐

(𝑇
1
− 𝑇
𝑎
)

+ 𝐹grd𝜀𝑔𝜎 (𝑇
4

1

− 𝑇
4

𝑎

) .

(29)

The energy balance to the vacuum insulation layer is
formulated as

𝑀
2
𝐶
𝑝2

𝑑𝑇
2

𝑑𝑡

= (𝜏𝛼 − 𝜏pv𝜂el)𝐺 − ℎpv (𝑇4 − 𝑇3)

−

𝑘
𝑔

𝛿
𝑇𝑔

(𝑇
2
− 𝑇
1
) .

(30)

The energy balance to the PV module is given by

𝑀
3
𝐶
𝑝3

𝑑𝑇
3

𝑑𝑡

= ℎpv−𝑐 (𝑇3 − 𝑇4)

−

𝜀
𝑔
𝜀pv

𝜀
𝑔
+ 𝜀pv − 𝜀𝑔𝜀pv

𝜎 (𝑇
4

3

− 𝑇
4

2

) .

(31)

The energy balance to the absorber plate and plate-
tube bond remains unchanged as given in (23) and (24),
respectively. These energy equations are implemented in the
simulation for both PV/T and VIPV/T.

The thermal efficiency 𝜂th of a flat-plate collector is
expressed as the ratio of useful thermal energy absorbed by
the collector 𝑄

𝑢
to the total solar irradiation 𝐺 calculated by

𝜂th =
𝑄
𝑢

𝐺

, (32)

where 𝑄
𝑢
is expressed as the product of mass flow rate �̇�

and specific heat capacity 𝐶
𝑝
of the cooling fluid and the

temperature difference of the fluid at outlet 𝑇
𝑜
and inlet 𝑇

𝑖

given as

𝑄
𝑢
= �̇�𝐶

𝑝
(𝑇
𝑜
− 𝑇
𝑖
) . (33)

Electrical efficiency 𝜂el of the PV panel depends majorly
on the incident solar radiation and PV module temperature
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𝑇pv. It is defined as the ratio of maximum electrical power
output to the incident radiation and is inversely proportional
to the temperature; that is, it is reducedwhen the temperature
increases. To demonstrate this effect of temperature on the
PV efficiency, an expression from [21] is adopted in this case
given as

𝜂el =
𝐼
𝑚
𝑉
𝑚

𝐴𝐺

+ 𝜇 (𝑇pv − 𝑇ref) , (34)

where 𝐼
𝑚
and 𝑉

𝑚
are the current and voltage of PV module

at maximum power point,𝑇ref is reference temperature taken
as 25∘C, 𝐴 is area of the cell (m2), and 𝜇 is the temperature
coefficient of PV efficiency at reference conditions (normally
a negative quantity taken as 0.0045), while, 𝑇pv has been
determined by [22] in an expression universally applicable for
standard pc-Si PV modules in terms of ambient temperature
𝑇
𝑎
as

𝑇pv = 30 + 0.0175 (𝐺 − 30) + 1.14 (𝑇𝑎 − 25) . (35)

However, 𝑇pv is equal to 𝑇
4
and 𝑇

3
for PV/T and VIPV/T

modules, respectively, from Figure 3.
According to [1, 8, 21], among other authors, the uni-

versally accepted expression for overall efficiency of a PV/T
system is therefore the sum total of the electrical and thermal
efficiencies expressed as

𝜂
𝑂
= 𝜂th + 𝜂el. (36)

The VIPV/T collector performance is also characterised
using overall exergy efficiency, solar fraction, and primary
energy saving efficiencies. The overall exergy efficiency
encompasses thermal and electric energy quality difference
by converting low quality heat energy into the comparable
high quality electrical energy using the theory of Carnot
cycle. Therefore, the overall exergy efficiency 𝜉

𝑜
is expressed

as the sum total of the thermal and electrical efficiencies
expressed by [23] as

𝜉
𝑂
= 𝜂
𝐶
𝜂th + 𝜂el, (37)

where 𝜂
𝐶
is the ideal Carnot efficiency according to [24–28]

and is given by

𝜂
𝐶
= 1 −

𝑇
𝑎

𝑇
𝑜

. (38)

The solar fraction is the ratio of primary energy saving
that a PV/T system can obtain to the overall energy demand
[10], simply put as the total energy demand covered by solar
energy expressed as

𝑓 =
1

2

(

𝑄
𝐿,𝑡
− 𝑄Aux,𝑡

𝑄
𝐿,𝑡

+

𝑄
𝐿,𝑒
− 𝑄Aux,𝑒

𝑄
𝐿,𝑒

) , (39)

where 𝑄
𝐿,𝑡

and 𝑄Aux,𝑡 are the overall thermal load and
auxiliary heat required, respectively; 𝑄

𝐿,𝑒
and 𝑄Aux,𝑒 are

the total electrical load and auxiliary electricity needed,
respectively.

The principle of primary energy saving efficiency 𝜂
𝑠

was introduced by [29] as a parameter that takes into
account energy quality difference between heat and electricity
expressed as

𝜂
𝑠
=

𝜂el
𝜂th + 𝜂pgen

, (40)

where 𝜂pgen is the electrical power generation efficiency for a
conventional power plant, usually considered to be 0.38.

4. The Model Simulation

The TRNSYS engine (Kernel) reads and processes the input
file, solves the system iteratively, determines convergence,
and plots the system variable. It is then possible to correlate
the simulated and experimental results.This process involves
a number of utilities which determines thermophysical prop-
erties, invert matrices, and interpolation of external data
files where necessary. A simulation model consisting of the
system parameters, input variables, performance measures
functional relationships, and outputs is developed.Thedetails
of the simulation process control, time step, and time range
are defined in the global info window via the control cards
icon.The time step of each component reaction is defined for
a detailed representation of the whole system.

The convergence test is first conducted over a range of
time steps, for example, 1, 0.5, 0.42, 0.25, 0.17, 0.08, 0.017, and
0.0083 hours, respectively. During these times, the results are
checked and noted for the respective changes. It is observed
that when reducing the time step below 0.25 hours (15mins)
there is no significant changes in results and therefore they
are considered for the simulation study. The simulation is
run in time step of 0.25 hours (15 minutes) and integrated
to daily and annual proportions to give the prospective
projections of actual performance of the VIPV/T system,
since the simulation time step considered is in the order
of a few seconds to several hours which gives an output in
the medium-term range. Therefore, a simulation run of daily
cycle or 24 hours is considered appropriate for the system
analysis. For purposes of comparison with the experimental
results, simulation time range considered was from 07:30 to
17:30 hours.

The accuracy of the simulation relies on the mathemat-
ical definitions of the TRNSYS types used in the model
whose performances are further assumed to be optimised
by selecting the appropriate simulation parameters (inputs
and desired outputs) before running the simulation. To
simplify the simulation, only one-dimensional heat transfer
flow regime is considered for the collector. Components’
behaviour lasting for milliseconds is not taken into account
and heat losses from the edges and back surface are consid-
ered negligible.

The components are defined by sets of mathematical
expressions in the formof algebraic and differential equations
solved using successive substitution (solver 0) when the sim-
ulation runs are performed. The solver allows for calculation
of outputs from given inputs for each unit and then passes
them over as inputs to the units that follow as long as there is
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Figure 4: The variation of useful heat, outlet water, and PV cell average surface temperatures as a function of time of the day.

no convergence but becomes tricky as the system approaches
little or no capacitance in rapidly changing discrete states.
These challenges are overcome by defining and increasing the
number of iterations in the algorithm.The successive solution
and modular strategy approach applied in this simulation
ensures solution of the larger problemby solving several small
subsystem problems, thus providing high degree of flexibility.

5. Simulation Results and Discussion

The performance of the VIPV/T collector is evaluated in
terms of thermal and electrical energy yields and efficien-
cies. The variation of global solar radiation and ambient
temperature for a typical meteorological year of Durban,
South Africa, is used as an input parameter for this purpose.
Very interesting results have been obtained, analysed, and
discussed both in daily and in annual intervals.

5.1. Daily Performance Analysis. To provide a basis for
comparison with experimental results, the daily simulation

studies are conducted for 22/08/2014 on which the experi-
mental analysis is based.

5.1.1. Thermal Energy. The variation of useful energy
obtained from the VIPV/T and PV/T during the day under
analysis is shown in Figure 4(a). It is observed that VIPV/T
produces 16.5% more useful energy on average, compared to
that of PV/T. In addition, the variation of water temperature
with time of the day is also presented in Figure 4(b). An
increase in hot water temperature of 12.9% is realised. The
difference is attributed to reduced convective losses via
the top of the collector and heat retention property of the
vacuum insulation layer. An average hot water temperature of
about 40∘C is considered adequate for domestic applications
such as hot water sanitation, bathing, washing among other
activities according to [2]. The average water temperature
attained for this day is 42∘C for VIPV/T spanning over 4
hours, which is within acceptable range. Hence the system
can satisfy the hot water needs of an eight persons residence
without auxiliary heating on a sunny day. The maximum



10 International Journal of Photoenergy

0

10

20

30

40

Vo
lta

ge
 (V

)/
cu

rr
en

t (
A

)

Voltage (VIPV/T)
Current (VIPV/T) 

Voltage (PV/T) 
Current (PV/T) 

Time (hours)
07:30 08:30 09:30 10:30 11:30 12:30 13:30 14:30 15:30 16:30 17:30

(a) The voltage and current

0

50

100

150

200

Po
w

er
 (J

)

PV/T
VIPV/T

Time (hours)
07:30 08:30 09:30 10:30 11:30 12:30 13:30 14:30 15:30 16:30 17:30

×3600

(b) Electrical power yield

Figure 5: The variation of voltage, current, and electrical power yield as a function of time of the day.

daily outlet water temperatures varied recorded were 51.82∘C
and 62.31∘C for PV/T and VIPV/T respectively.

The variation of PV cell temperatures are shown in
Figure 4(c). High PV cell temperature is realised due to
the fact that the absorber-tube configuration used in this
case is of header-riser type in which heat transfer is limited
to the contact surface points only. There is likelihood of
temperature build-up in the gaps between the tubes due
to vacuum insulation. However, this temperature build-up
could be reduced by varying the fluid mass flow rate as
well as using the channel type absorber configuration. It is
observed that VIPV/T module generates an average of 5.4%
more thermal energy compared to the PV/T counterpart.
Additionally, thermal peak points occur at 12:00 and 11:30
hours for VIPV/T and PV/T, respectively. A peak time lag
of 30 minutes is due to reduced losses and prolonged heat
retention times resulting in marginal reduction in electrical
efficiency as captured in the next section.

5.1.2. Electrical Energy. Figure 5(a) gives the daily variations
of the voltage and current outputs from the VIPV/T and
PV/T collectors. From the voltages and currents obtained, the
electrical power is calculated and values corresponding to the
respective data points are plotted as shown in Figure 5(b). Of
the total power generated from the two modules during the
day under analysis, 50.2% is by VIPV/T and 49.8% is by PV/T
system. An increase of 0.03% on power generated is realised
in favour of VIPV/T, a magnitude of which is negligibly small
compared to the change realised in thermal energy.

5.1.3. Efficiencies. It is important to operate the PV unit at its
near maximum efficiency as possible by cooling. The cooling
mechanism constitutes the thermal unit which must also
operate efficiently to supply the heating loads.The efficiencies
for the hybrid VIPV/T in comparison to the PV/T are
evaluated and hourly results plotted as shown in Figure 6(a).
The VIPV/T has shown an improvement in daily average

thermal efficiency by 16.8% over the PV/T counterpart,
whereas individual values are evaluated to be 15.74% and
13.5%, respectively.This increase is attributed to the inclusion
of the vacuum insulation layer. However, this figure can go
up or down depending on the geometrical characteristics of
the vacuum envelop and prevailing irradiation of the day and
region.

The mean daily electrical efficiencies obtained are 9.75%
and 9.77% for VIPV/T and PV/T, respectively, indicating a
reduction of 0.02%. Even though the decrease is negligibly
small compared to the increase in thermal efficiency, there
is an indication of more reductions with higher PV cell
temperature build-up associated with the VIPV/Twhichmay
require stringent controls in the long-term exposure to solar
radiation. Electrical efficiency is seen to be decreasing with
increase in average cell temperatures and the converse is also
true, subject to the prevailing varying solar radiation levels.
For broader performance characterisation of the system,
the overall exergy efficiency and primary energy saving
efficiencies are also evaluated to support the respective energy
efficiencies. Using the expression given in (37), the overall
exergy efficiency is evaluated for both systems as a function
of Carnot efficiency as shown in Figure 6(b). The VIPV/T
exhibits a mean exergy efficiency of 18.24%, while that of
PV/T is 16.56%, giving a mean improvement of 10.14% in
favour of VIPV/T. Likewise, the average primary energy
saving efficiencies decreased by 4.15% for VIPV/T at 19.63%
compared to PV/T at 20.48%. This decrease is due to the
increase in thermal efficiency which is the denominator. The
individual mean Carnot efficiencies of 47.86% and 42.96%
were obtained for VIPV/T and PV/T, respectively. A conven-
tional energy power plant generation efficiency minimum of
0.38% is assumed in the calculation to give the minimum
possible indication of performance improvement.

The individual overall efficiencies are 25.49% and 23.3%
for VIPV/T and PV/T, respectively. The overall efficiency
which is the sum of the electrical and thermal efficiencies is
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Figure 6: The variation efficiencies as a function of time of the day.
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found to improve by 9.51% in favour of the VIPV/T system
due to the higher thermal output compared to the PV/T. The
variation of thermal, electrical, and overall efficiencies with
respect to (𝑇

𝑖
− 𝑇
𝑎
)/𝐺 is shown in Figure 7.

5.1.4. Effect of the Vacuum Insulation. In the PV/T system
configuration, air space is applied as an insulator between
the glazing and the PV cells. In stagnant air, heat transfer
is by radiation through gas; however, when the air is set in
motion, convective mode of heat transfer sets in, replacing
conduction, the effect of which results in higher heat transfer.

From the approach and findings of this study, the vacuum
envelop has been introduced in place of air layer as an
insulation against the heat losses through the top of flat-plate
PV/T.The overall effect is found to be convection suppression

thus limiting heat loss to the radiative mode. This option
results in an increase in thermal efficiency by 9.51%, while
electrical efficiency negligibly reduced by 0.02%.This shows a
huge positive difference relative to the former, an indication
that there is a likelihood of electrical efficiency being unaf-
fected. The PV glass encapsulation has also been removed,
since there is no chance of cell degradation due to direct air
contact. Additionally, the optical performance is improved by
eliminating the extra reflections by the encapsulation glass.
However, the negligible indication of reduction in electrical
efficiency is seriously noted, since it could escalate further
depending on the prevailing meteorological conditions of
the location and period of exposure; therefore high levels of
control should be put in place to ensure that PV temperatures
are not raised.This fact prompts for lowflow conditions in the
range of 6–15 𝑙/ℎ𝑚2 edge and back losses remained the same
and are not considered.

5.2. Annual Performance Analysis. To predict the long-term
behaviour of the VIPV/Tmodule under varying seasonal cli-
matic conditions, an annual simulation study is done in terms
of energy outputs and efficiencies (no comparisons to PV/T).
The annual energy outputs are shown in Figure 8(a), from
which it can be seen that the VIPV/T module is subjected
to a total annual solar irradiation (𝐺coll) of 6590.26MJ. The
useful heat energy output (𝑄uColl) of the module is found
to vary from 386.33 kJ during the winter month of June to
673.65 kJ during the summer month of January. However,
the total annual output is 6092.03 kJ. The actual heat energy
(𝑄DHW) transferred to hot water is in the range of 528.3 kJ
and 380.97 kJ also corresponding to the months of January
and June, respectively. The total and average outputs for the
year are 40.89MJ and 340.76 kJ, respectively.

On the other hand, based on the hot water loads consid-
ered for a domestic set-up of 8 persons, a total of 34.81MJ
is required for use during the nonsunshine or low radiation
periods. However, this figure may increase with no solar
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Figure 8: The global annual variation of energy yield and efficiencies with time.

energy intervention as demonstrated by the solar fraction.
Based on the electrical loads considered for simulation, the
annual electrical energy yield for the VIPV/T is found to be
in the range of 1524.132 kJ and 1887.696 kJ; however, the total
power generated for the year is 20,091.816 kJ. Considering the
peak demand of 3060 kJ for the residence under considera-
tion, this energy is found to be adequate. Even though, in
some instances, it goes lower than the required level, this
challengemay bemet by addingmore storage hours to supply
the deficit or consider supplementing with grid power if
available at that instance.

Figure 8(b) shows the variation of annual efficiencies. It
is observed that the mean thermal, electrical, exergy, and
primary energy saving efficiencies were found to be 18%, 11%,
29%, and 27%, respectively. The overall energy efficiency is
29%, while solar fraction is 39%. Most notable is the solar
fraction which approaches 100% between June and August,
as the corresponding auxiliary energy approaches zero. This
is attributed to the fact that the skies are generally clear and
less humid during this period allowing more direct and less
diffuse radiation to reach the VIPV/T collector surface.

6. Comparison of Simulation and
Experimental Results

The periods for comparison are based on the experimental
hours between 07:30 hours and 17:30 hours of 22/08/2014.
The most important performance characteristic parameters
compared are thermal energy output and efficiencies.

6.1. Comparison ofThermal Energy Outputs. The comparison
of simulated and experimental useful heat is shown in
Figure 9(a). It is observed that there is an average variation of
about 1.22%. Individually, simulated and experimental values
differ by 1.53% for VIPV/T and PV/T, respectively.

The variation of simulated and measured outlet water
temperatures is plotted in Figure 9(b). Model predicts the
outlet temperature with a variance of 0.4% and 0.7% for
VIPV/T and PV/T systems, respectively, in comparison to the
experimental data.

Figure 9(c) shows the variation of simulated and experi-
mental average PV cell temperatures for the hybrid VIPV/T
as well as the PV/T collectors.The simulation tallied with the
experimental results to the degree of 0.8% and 1.05% for the
VIPV/T and PV/T, respectively.

6.2. Comparison of Efficiencies. The efficiencies for hybrid
VIPV/T module obtained by simulation and experiment are
compared and plotted in Figure 10(a). Using the experimental
results as the basis of comparison, the percentage difference
between experimental and simulated values can be obtained
as follows:

(

𝜂Exp − 𝜂Sim

𝜂Exp
) × 100%. (41)

The difference between the simulated (dashed lines) and the
experimental thermal, electrical, and overall efficiencies is
1.05%, 1.29%, and 3.57%, respectively.

Figure 10(b) presents the variation of exergy and energy
saving efficiencies for the hybrid VIPV/T collector. As can
be seen, there is a narrow gap of 3.6% and 2.8% between the
simulated (dashed lines) and experimental values for exergy
and energy saving efficiencies, respectively.

It can be noted that, in all the cases, the simulated results
compared to the experimental data with a variance of less
than 4%.With this performance, it can be concluded that the
model can be used to accurately predict the performance of a
VIPV/T, especially in the case where such kind of technology
has not been used.
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Figure 9: The variation of simulated and experimental temperatures with time.

7. Conclusions

This study has demonstrated that hybrid VIPV/T module
presents superior thermal characteristics compared to con-
ventional PV/T with air insulation layer. From the results
of the daily simulation, it is ascertained that the inclusion
of the vacuum insulation has given rise to improved ther-
mal efficiency by 16.8%; correspondingly, the useful heat
generated also increased by 16.8%. The electrical efficiency
marginally reduced by 0.02% due to increased average PV
cell temperatures of about 5.4%.Most importantly, the overall
efficiency improved by 9.51% in addition to increase of 10.14%
in overall exergy and decrease of 4.15% in primary energy
saving efficiencies, respectively. In the annual simulation
scale, the hybrid VIPV/T has attained average values of
18%, 11%, 29%, and 27% of thermal, electrical, exergy, and
primary energy saving efficiencies, respectively. The overall
efficiency is 29%, while annual solar fraction of 39% is also
registered.

The results of the simulation and experimental studies are
substantively compared and analysed with relevant observa-
tions. The deviations between the respective simulated and
experimental results were shown to vary in the range of
0.4% to 3.6%. These are attributed to the various assump-
tions made for simplification of the simulation. Additionally,
the major contributor to the deviations is the difference
between the predicted (TMY weather data) and the actual
(measured weather data) files used for simulation and exper-
iment, respectively. However, these variations are well within
the acceptable limits of 5%. Therefore, the simulation and
experimental results tallied satisfactorily well to show the
functionality, accuracy, and validity of the model developed.

The analysis presented in this work is based on measure-
ments for one day; however, in order to establish a trend
of systems’ behaviour under varying weather conditions,
measurements for prolonged periods may be conducted to
cover the thermal behaviour during night hours. Based on
the results obtained from this study, the VIPV/T offers
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Figure 10: The variation of simulated and experimental efficiencies for VIPV/T module.

an improved thermal energy output as well as efficiencies.
However, it has shown a possibility of elevated PV cell
temperatures, which results in reduced electrical efficiencies.
In order to check these temperatures, the use of thermostatic
controls is recommended.

Nomenclature

𝐴 : Area of the collector (m2)
𝐼: Current (A)
𝐺: Solar irradiance (W/m2)
𝑀: Mass of collector components (kg)
𝑇: Temperature (∘C)
𝑡: Time from midnight (hours)
𝑉: Voltage (V)
𝑄: Heat gain (kJ)
𝑞: Heat flux (kJ/s)
𝐹: View factor (—)
𝐶
𝑝
: Specific heat capacity of the fluid (kJ/kgK)

�̇�: Fluid mass flow rate (kg/s)
𝜂: Efficiency (—)
Nu: Nusselt number (—)
𝑈: Overall heat loss coefficient (W/m2K)
Pr: Prandtl number (—)
Re: Reynold’s number (—)
V: Wind velocity (m/s)
𝛼: Absorptance (—)
𝑔: Acceleration due to gravity (m/s2)
𝑙: Length (m)
𝑅: Thermal resistance (Km2/W)
𝑓: Solar fraction (—)
𝛾: Bond thickness (m)
𝛽: Collector inclination angle (∘)
𝜌: Density (kg/m3)
𝜂: Efficiency (—)
𝜀: Emittance (—)
𝜉: Exergy efficiency (—)

𝛿: Plate thickness (m)
𝜎: Stefan-Boltzmann constant (W/m2K4)
𝜇: Temperature coefficient at reference

conditions (—)
𝜏: Transmittance (—)
𝜔: Thermal diffusivity (m2/s).

Subscripts

𝑎: Ambient
abs: Absorber
Aux: Auxiliary
DHW: Domestic hot water
𝑏: Bond
𝐶: Carnot
𝑐: Collector
dp: Dew point
el: Electrical
𝑔: Glass
grd: Ground
𝑖: Inlet
𝐿, el: Load, electrical
𝐿, th: Load, thermal
loss: Energy lost to the surrounding
max: Maximum
𝑜: Outlet
𝑂: Overall
pgen: Power generation
pv: Photovoltaic
pvg: PV glazing
ref : Reference
𝑠: Saving
sky: Sky
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th: Thermal
𝑡: Top
𝑢: Useful
uColl: Useful energy of collector
V: Kinematic viscosity (m2/s).
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This paper discusses the utilisation of PV systems for electric vehicles charging for transportation requirements of smart cities.The
gap between PV power output and vehicles charging demand is highly variable. Therefore, there is a need for additional support
from a public distribution grid or a storage device in order to handle the residual power. Long term measurement data retrieved
from a charging station for 15 vehicles equipped with a PV system were used in the research. Low and high irradiation seasons
influenced the PV output. The charging demand of electric vehicles varied over the course of a year and was correlated to weather
conditions. Therefore, the sizing and performance of a supportive storage device should be evaluated in a statistical manner using
long period observations.

1. Introduction

Emission-free mobility is indispensable part of the national
sustainable development strategy supported by authorities
[1]. Therefore the National Platform of Electric Mobility
under participation of representatives of science, industry,
politics, local authority districts, and consumers developed
proposals to reach the national goals inGermany [2]. Accord-
ingly, numerous projects and research activities are developed
with electric vehicles interacting with power distribution
grids. Charging stations for electric vehicles are connecting
points between public grid and electric vehicles and are often
understood as additional, highly variable loads deteriorating
the hosting capacity of the network and overall performance
of the existing grids [3]. For this reason, technical framework
and management systems are needed to reduce the negative
effects of high penetrations of electric vehicles in the public
grid [4]. Starting at penetration levels of 20% conventional
public grids can reach inadmissible operation states [5].
Furthermore, unavoidable power losses in the distribution
and the common use of energy from fossil fuels for charging

marginalise the zero emission effect of an electric vehicle
[6].

Therefore, charging stations fed by locally installed pho-
tovoltaic systems are suggested as optimal solution for elec-
tric mobility [7]. Moreover, a rising proportion of electric
vehicles can improve the integration of renewable energies
and decrease CO

2
emissions [8]. But there must be a close

coordination between load profiles and fluctuating energy
production, to reach the intelligent integration of compo-
nents such electric vehicles and photovoltaic systems [9].The
advantages coming from the combination of both systems, for
the society in general and the prosumer, lead to emission-
free mobility and cost efficiency towards the smart cities
concept in the future [10]. Unfortunately, the appealing idea
of a sun-powered charging station for electric vehicles was
reduced in many cases to a marketing slogan. The use of a
small PV system installed by a prosumer for vehicle charging
can be justified only in terms of advantages averaged over
long period of time [11]. Statistically, a certain part of energy
consumed by an electric car over such a long period of time,
for example, one year, can be covered by the PV systemoutput
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[12]. The idea of green mobility explained in this way seems
to be welcomed by the public opinion. It helps in the market
placement of new products and stimulates the ecological
awareness.

However, the performance of a small PV installation used
for vehicle charging is definitely not green when considering
shorter period of time: a day, one hour, and one second. The
utilisation of such combined systems is then disputable.There
is a highly variable gap between PV system power output and
vehicles dumb charging demand. The term dumb means that
the electric vehicle is charged with maximum allowed power
immediately from the moment, when connected to the grid
[13]. The public distribution grid is heavily loaded to absorb
the PV overproduction or to deliver energy to vehicles by
negligible PV output.The grid hosting capacity decreases; the
transmission losses increase.

Utilisation of storage units and adequate sizing of the
PV system are appropriate straightforward methods for the
reduction of power flows in the distribution grids [14] and
discussed in papers [15, 16]. With the continuous increase
of these components and, in addition to it, the uncontrolled
charging of electric vehicles, there is an urgent requirement
for a management system that controls all participants of a
selected part of the grid [17].The residual power and residual
energy are two relevant parameters for the description of
concurrent power generation and charging demand [18].

The assessment of measured charging characteristics and
PV power outputs is the starting point in the approach to
procedure proposal aimed at optimal matching and sizing
of system components. An optimal combination of PV
generation, charging stations, and storage should contribute
to emission-free mobility.

The charging of vehicles by the PV system has a priority.
Consequently, there are various possibilities to approach the
discrepancy between generation and demand:

(i) evaluation of a quality factor for the assessment of
residual power in a statistical sense;

(ii) reduction of residual power through over-dimension-
ing of the PV system;

(iii) integration of an storage unit into the charging system
with regard to optimal sizing in statistical sense.

All the approaches will be presented in this paper in
detailed manner. Various time periods have been studied
separately: a day and a week each at spring and winter.

2. Solar Energy Research Field

2.1. Basic Components and Functions of SERF. The charging
of electric vehicles using solar energy was assessed over a
long period of time (exceeding one year) in the microgrid
(MG) called Solar Energy Research Field “SERF” located at
the Brandenburg Technical University in Cottbus, Germany.
A schematic diagram of the SERF system is shown in Figure 1.
A photovoltaic generation unit (PV) and a charging stations
pool (CSP) are the leading components.

The switchbox (Figure 1) is a central element governing
the power flow in the system.The 530 polycrystalline PVpan-
els with 116 kWpeak are mounted on a roof. The momentary
power output of the PV system is influenced by the positon
of the sun, duration of the day, season, shadowing pattern
caused by weather conditions, and so forth. Generally, the
momentary power output can be predicted with very low
accuracy. All this factors influence the availability of power
for charging but also, in an indirect manner, the behaviour of
the electric car drivers, that is, the power demand.

The power demand is a sum of all connected electric vehi-
cles. There are 15 charging stations in the pool. The maximal
charging power of one station is 22 kW. The power rating
governed by the switchbox is 110 kW. Therefore, it is not
possible that all charging stations could deliver the maximal
power at the same time.The control is provided by an energy
management system of the whole CSP. The loading power
curve is a function of the arrival time of individual vehicles
and corresponding charging demands.

2.2. Location of Measurement Instruments and Measured
Data. Consistent data measurement is a prerequisite for
adequate data assessment and data analysis. All data were
captured in homogenous measurement units provided by the
same manufacturer. An average value over one second of
active power was stored in a database. One-second averaging
was suitable for the covering of rapid changes, especially in
the PV system power output. Every charging station was
equipped with a measurement unit. Separately, the power
of the whole CSP was recorded. A measurement unit was
also located at the output of the PV system. The one-
second approach resulted in high data flow to be managed
by the processing system, requiring adequate and robust
data transfer protocol and high data transfer speeds. The
assessment of long period measurements with one-second
resolution is a relatively time consuming procedure. The
resolution to be used is a trade-off between accuracy and
required computation speed and memory requirements.

3. Charging Station as an Interface Point
between Electric Vehicle and the Microgrid

The charging station is a connection between the electric
vehicle and the MG. The user can select between one-phase
charging over Schu-Ko power socket (mode 2 charging) or
three-phase charging over type 2 power socket according
to EN 62196-2 (mode 3 charging) [19]. The most important
elements of the charging stations are depicted in Figure 2.

Every charging station is equipped with an Ethernet-
Switch enabling the communication with other components
to keep data transfer at possibly low level. A four-quadrant
measurement unit connected to the Ethernet-Switch captures
currents, voltages, and power. All one-second data are trans-
ferred through programmable logic controller (PLC) to the
energy management system and then archived. Moreover,
a charge controller as part of the electric vehicle supply
equipment (EVSE) was installed to provide mode 3 charging
according to EN 61851-1 [20]. This charging control unit
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Figure 1:TheMicrogrid installation “SERF.” (a) Schematic representation. (b) Overview of the PV panels’ arrangement. (c) Charging stations
pool.

controls the maximal charging current and the correct feeder
connection, among others. Also the maximal charging cur-
rent can be controlled over a pulse-width modulated signal.
The battery management system (BMS) in the connected
electric vehicle has a priority in the settling of the required
current value.

The PLC calculates themaximal allowed charging current
for a vehicle, which is not delivered by EVSE or BMS.
This value is indispensable for the power management of
the whole CSP. The minimum and maximum values of the
charging current are needed for the charging control process.
The PLC manages selected charging constraints and collects
data of the local feeder parameters. Autonomous procedures
guarantee power delivery in a case of a communication
breakdown.

The electric vehicle and the included batterymanagement
system are a black box, with externally determined parame-
terswhich are accessible only in the terms given in EN61851-1.

The energy management system is the central control
unit governing the whole CSP. The 15 charging stations com-
municate over the respective PLCs. The energy management
system computes the maximal allowed total charging current
of the whole CSP, which is evenly distributed over all vehicles
working with level 3 charging.

The drivers of all electric vehicles are commuters and
worker of the university. For that reason there is a signifi-
cant characteristic arrival and departure times which varies
strongly being related to the individual working hours. Thus
the CSP has the overall characteristics of a commuter car park
in a semipublic area. The participating electric vehicles itself
are all of the same model, the German E-Car Cetos.

4. Charging Process

The charging stations support mode 2 and mode 3 charg-
ing. The individual characteristics of both options with
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Figure 2: Charging stations elements and communication.

Table 1: Characteristics of mode 2 and mode 3 charging according
to one German E-Cars Cetos.

Charging level 2 3
Socket type in the charging
station Schuko socket Type 2 socket

Power delivery One-phase Three-phase
Nominal energy stored in
Li-ion battery in kWh 17.1 17.1

Maximal charging current of a
vehicle in A 13.3 14.0

Maximal charging power in kW 3.06 9.70
Communication with the
vehicle over ICCB EVSE

Smart meter Yes Yes
Controllable through EMS No Yes
Controllable minimal charging
power in kW — 4.16

Minimum charging duration 5 h 35min 1 h 16min

the German E-Car Cetos equipped with Li-ion batteries are
summarized in Table 1.

The customer can choose freely between the two charg-
ing modes, as in Table 1. Accordingly, there are two

corresponding charging curves. Usually, mode 3 charging is
preferred due to higher power and lower charging time. The
one-phase charging (mode 2) is seen as an emergency to be
used when mode 3 is not available due to technical problems.

The emergency charging cannot be controlled, it is called
“dumb charging.” After switching on, the maximal current
charging is provided to the vehicle until the BMS starts the
balancing phase. During this phase a small current is used to
balance the voltage between various cells. In order to protect
the battery a heating phase is launched if the temperature
falls below 3∘ Celsius. The heating process is governed by
the BMS in the vehicle and cannot be influenced by external
control. The one-phase heating works with a nominal power
𝑃 = 350W (𝐼 = 1.52A) until the temperature of 3∘ Celsius
is reached. The duration of heating is stochastically affected
by the battery temperature and environment temperature.
After the heating, the main charging phase starts, as shown
in Figure 3.

All load curves are determined by the common CCCV-
load profile for Li-ion cell charging [21]. Mode 3 charging is
characterised through three-phase currents and the control-
lability of the process realised by the EVSE. A flexible load
management is possible resulting in higher charging power
and shorter charging times. Additionally, only one charger
is used during the final balancing phase. A typical charging
curve is shown in Figure 4.
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The exponential reduction of the charging current
reduces the efficiency factor of the charger in the electric
vehicle. The shutdown of two chargers helps to make the
charge process more effective and increase the efficiency
factor.

5. Assessment of Measured Power Curves

The assessment and computations were aimed at an ade-
quate characterisation of the residual load. The difference
between the absolute PV system power output (|𝑃renewable|)

and the absolute demand of all charging stations connected
to the microgrid (|𝑃load|) can be expressed as

𝑃res =
𝑃load
 −
𝑃renewable

 . (1)

According to (1) the residual power (𝑃res) cannot be
delivered by the renewable source and has to be covered from
conventional energy sources.

In the particular case of the described MG no separate
generator or storage facility was connected. However, the
microgrid could be connected over a transformer to the local
public grid serving as source or sink for the residual power. A
guarantied balanced islanded operation of theMG is possible
only with a storage unit sized according to the levels and
variations of residual power.

According to the goal of a balanced operation of the
MG a differentiation between positive and negative residual
power is needed. The residual power is positive, if the
demand exceeds renewable power generation within the MG
(undercoverage) [22]:

𝑃renewable
 <
𝑃load
 . (2)

The MG is balanced when the power generation exactly
matches his demands:

𝑃renewable
 =
𝑃load
 . (3)

A negative residual power (overcoverage) results fromPV
generation exceeding the charging stations demand:

𝑃renewable
 >
𝑃load
 . (4)

A winter (January 2014) and a spring (May 2014) day
were selected for presentation in this paper and represented
through data of active power measured with one-second
resolution. In a further step, the relatively short one-day
period was extended to one-week observation. An average
value over the course of the week was computed for every
time instant of a day. The data collected at weekends were
neglected and regarded as nonrepresentative due to missing
charging of the cars at weekends (holidays).

The summarized analysis of active power in the PV
system and in the CSP is presented in Table 2. The variance
in Table 2 corresponds to the particular arithmetic average of
power, not to installed power.

The PV generation depends directly on the irradiation
values. Clouds, shadowing, and irradiance variations result
in high power gradients.The standard deviation and variance
along with the average value of power (Table 2) characterise
the changes in the daily power curve (Figure 5).

Typically, the first car arrives in the early morning hours
and starts to charge. The last one departs in the evening with
a charged battery.The total load of the CSP is a superposition
of all loading curves of the day, which may be of two different
types (Figures 3 and 4). The positive slope of the load curve
is a result of high power gradients of the connecting cars.
The cars start to load with the maximal allowed current. The
negative slope is a result of a low current balancing phase and
recharging, which causes high variations form the maximal
load point until the end of charging.
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Table 2: Results of the statistical assessment of active power in PV
and CSP in winter and spring.

Spring day A day An average day
PV CSP PV CSP

Measurement values per day 86,400 86,400 86,400 86,400
Installed power in kW 116.6 110.8 116.6 110.8
Arithmetic average in kW 16.86 5.41 23.46 3.97
Standard deviation in kW 25.28 11.23 28.13 7.65
Variance in kW2 639.23 126.06 791.32 58.58
Maximum power in kW 100.61 54.41 85.27 41.12
Minimum power in kW 0.00 0.23 0.00 0.23
Maximum 𝜕𝑃/𝜕𝑡 in kW/s 33.08 12.92 6.62 3.02
Energy in kWh 404.72 129.85 563.11 95.18
Energy relation based on load 3.12 1.00 5.92 1.00

Winter day A day An average day
PV CSP PV CSP

Measurement values per day 86,400 86,400 86,400 86,400
Installed power in kW 116.6 110.8 116.6 110.8
Arithmetic average in kW 2.84 5.70 1.29 3.58
Standard deviation in kW 5.90 8.69 2.36 4.69
Variance in kW2 34.80 75.52 5.59 22.00
Maximum power in kW 51.94 43.37 12.97 25.41
Minimum power in kW 0.00 0.41 0.00 0.46
Maximum 𝜕𝑃/𝜕𝑡 in kW/s 5.77 6.17 1.15 1.98
Energy in kWh 68.26 136.88 30.89 85.88
Energy relation based on load 0.50 1.00 0.36 1.00

The arithmeticmean value of the PV power at a particular
day in spring is approximately 3.1 times higher than the CSP
mean load value. In order to guarantee an energetic balance
between PV generation and CSP load it would be possible to
reduce the installed PV power𝑃peak to 37.61 kWpeak. However,
the high values of standard deviation and variance indicate
a highly stochastic nature of the power balance (Table 2).
Even if the balance would be guaranteed for average power
values, the residual power would rise due to reduction and
high variation in the PV generation. The above observation
is even more distinctive for the power values averaged over
one week; the ratio of PV to CSP power is 5.9.

The situation is completely different on a winter day
(Figure 6).The arithmetic average power at PV is smaller than
that at CSP by the ratio of 0.5. In order to cover the average
demand of CSP at that particular day it would be necessary to
roughly double the installed peak power of the PV system to
233.20 kWpeak. The assessment of the average day (one-week
observations) yields even worse ratio between CSP demand
and PV output (factor 0.36).

This observations shows that an energy storage unit is
unavoidable for the enhancement of CSP operation efficiency.
The storage reduces the residual power in theMGand reduces
the involvement of the public distribution grid. The storage
unit has to be dimensioned according to the performance
of the existing power grid. The analysis and characterisation
of the residual power in a statistical manner are a key issue
for the adequate design and dimensioning of the storage.

The residual power of a particular day and an averaged week
in winter and spring shown in Figure 6 are an example and
starting point for further considerations.

The corresponding physical and statistical values are
presented in a compact manner in Table 3.

The arithmetical average value of the residual power on a
spring day is negative, because the PV system delivers energy
over a longer time period in the amount lower than the load
that has to be supplied. Accordingly, there is a power flow
from the MG to the public distribution system.

A different situation can be observed on a winter day.
The arithmetic average value of residual power is positive;
that is, the CSP needs more power than the PV system can
generate.Themain reason is reduced solar irradiation during
the winter season in the northern hemisphere. Additionally,
the base power of the CSP goes higher due to the necessary
protective heating of electronic devices in the charging
stations and connected electric vehicles. The batteries in the
cars also need a heating phase before charging what increases
the power level.

Power consumption from the public distribution grid
at the early hours of a spring day is significant due to the
unavoidable base power and arrival of discharged vehicles.
Later in the day, the PV delivers sufficient power to the CSP
to provide full coverage and to feed the surplus into the
public grid.The power fluctuations of the superimposed load
curve go directly into the grid. It should be noticed that
from a one-day perspective the standard deviation, variance,
and maximal power gradient visibly increase as a result of
the mentioned superposition. This results in higher power
volatility at the grid connecting point. The power variations
are higher than those of the individual actors to be considered
separately. In the case of an average day it is true for the
maximal power gradient. Standard deviation and variance
were reduced due to the performed averaging.

In order to level the difference between generation and
loads on that particular spring day an energy storage unit with
an energy capacity of 274.87 kWh or 467.93 kWh is needed.
The energy capacity increases for the averaged day (values
of 5 days included), because a higher sun exposure occurred
along with reduced vehicle charging demand. The power of
the storage unit would have to be 99.93 kW or 82.79 kW,
respectively (see Table 3). Storage unit sizing is thus strongly
influenced by the characteristics of the PV generation. The
PV system determines here the upper physical limits.

A different scenario can be derived from the observation
of a winter day. Over the course of a day there are periods
when the PV system feeds the public grid. However, the
average power is not sufficient to feed the CSP sufficiently
(see Table 2). The energy deficit must be covered by the
public grid which is anyway more stressed than in sum-
mer. As previously, the maximal power gradient value of
a day increases as a result of the superposition of the PV
and CSP characteristics. Standard deviation, variance, and
average value of power increase in relation to PV and
decrease in relation to CSP. The maximal gradient of the
residual power computed for the average day is constant
due to superposition. Average value, standard deviation, and
variance of power increase in relation to PV and decrease
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Figure 5: Typical daily power curve of the CSP and PV generator: (a) one-day values, spring; (b) values averaged over one week, spring; (c)
one-day values, winter; (d) values averaged over one week, winter.

in relation to CSP. This behaviour is similar to a spring
day.

Once again, to level the difference between generation
and demand on that particular winter day an energy storage
unit with a power capacity of 68.62 kWh or 54.99 kWh is
needed. The energy capacity of the anticipated storage unit
decreases for the average day. It is due to a persistent tendency
on subsequent days showing lower irradiation and higher
power demand, as on the particular one day shown before.
The corresponding power of the anticipated storage unit
should be 51.00 kW or 23.50 kW, respectively (see Table 3).
The dimensioning of the storage performed using winter
data is more related to the CSP characteristic than in the
spring. Relatively small contribution of the PV system has no
influence on the upper power limit.Moreover, the storage can
be significantly smaller inwinter than in spring due to smaller
PV contribution and higher energy consumption by the CSP.

At average week day in spring the own coverage reaches a
maximum of 86.35%; theminimum is due to the low sunlight
at the average winter week day 25.41% (see Table 3).

If the MG operator seeks to guarantee a coverage of the
positive residual power and thus only the demand that is not
covered by the PV system, as it is shown in Figure 7, the
storage unit could be even smaller dimensioned.

As it can be seen in Table 3, from a particular spring day
perspective, the necessary energy is reduced to 64.00 kWh
and with respect to the average spring day to only 12.99 kWh.
The reduction is associated with a significantly better cover-
age of the load by the PV on the remaining days, of which
the averaged one day was formed. The power of the storage
unit decreased in a similarmanner from43.50 kW to 17.13 kW.
Themaximumpower gradients decreased as well.The storage
unit dimensioning results from the assumption of positive
residual power coverage priority and follows the power
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Figure 6: Typical daily residual power curve of the CSP and PV generator: (a) one-day values, spring; (b) values averaged over one week,
spring; (c) one-day values, winter; (d) values averaged over one week, winter.

curves. It should be stressed that the energy delivered by the
storage unit could be fed through the PV system and so the
storage could be reloaded on a daily basis.

The positive residual power is related to the PV system
output. Accordingly, the storage capacity must be higher
in winter in order to cover the CSP demand. Considering
the presented winter day the anticipated storage capacity
should be 92.83 kWh. In the case of an average winter day
64.06 kWh is enough.The storage capacity is also higher as on
corresponding spring day.The power in winter was 34.72 kW
for a day and 23.50 kW for an average day, respectively.

The histograms show the absolute and relative percent-
ages of data points as a function of defined power classes
(groups). Values with 𝑃 ≤ 0W are not considered because
they are not associated with a shortage. Furthermore, in
spring active power 𝑃 < 500W was represented in one class
as it represents the base load of the CSP. In winter, this limit
due to the higher base load and additional heating power
is raised to 𝑃 < 5,500W. The classification was made for
power values 𝑃 ≥ 500W and 𝑃 ≥ 5,500W, respectively, with
2,500W increments.

The quadratic regression utilising the Gauss approach
returns the smallest quadratic differences between power

classes (groups) and the cumulated relative percentage of the
data points. The results are shown in Table 4 and indicates
strong tendencies and characteristic features. It is advisable
to design and dimension the storage unit in accordance with
the above considerations.

Table 5 presents residual power values in relation to the
dimensioning of a storage unit.

Considering a 90% guarantee of power coverage on a
spring day (Table 5) it is possible to reduce the power of
a storage device to 40.50 kW for the particular day and to
only 13.00 kW for the averaged day. Accordingly, the needed
storage capacity can be reduced to 57.60 kWh and 11.69 kWh,
respectively.

The same assumption of 90% coverage in winter (Table 5)
requests different storage capacity in comparison with spring
season data.The power of the storage unit should be 31.25 kW
or 21.15 kW, respectively. The corresponding energy storage
capacity is 83.55 kWh or 57.65 kWh. Generally, the winter
period requires higher energy storage capacity for the cov-
erage of positive residual power in the MG than the spring
period.

The definition of an allowed level of power storage
coverage has to be decided by the MG operator or the utility
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Table 3: Results of the statistical assessment of the residual power on a winter day and a spring day.

Spring day A day An average day
Residual power Positive residual power Residual power Positive residual power

Measurement values per day 86,400 86,400 86,400 86,400
Arithmetic average in kW −11.45 2.67 −19.50 0.54
Standard deviation in kW 27.55 8.29 27.39 2.01
Variance in kW2 758.92 68.72 750.19 4.04
Maximum power in kW 43.50 43.50 17.13 17.13
Minimum power in kW −99.93 0.00 −82.79 0.00
Maximum 𝜕𝑃/𝜕𝑡 in kW/s 33.16 12.92 6.84 3.02
Energy in kWh −274.87 64.00 −467.93 12.99
Own coverage of load in % — 50.71 — 86.35

Winter day A day An average day
Residual power Positive residual power Residual power Positive residual power

Measurement values per day 86,400 86,400 86,400 86,400
Arithmetic average in kW 2.86 3.87 2.29 2.67
Standard deviation in kW 8.05 6.72 4.39 4.01
Variance in kW2 64.73 45.18 19.28 16.12
Maximum in kW 34.72 34.72 23.50 23.50
Minimum in kW −51.00 0.00 −10.94 0.00
Maximum 𝜕𝑃/𝜕𝑡 in kW/s 6.77 6.17 1.98 1.98
Energy in kWh 68.62 92.83 54.99 64.06
Own coverage of load in % — 32.18 — 25.41

Table 4: Regression equations for the winter and spring days.

Period Quadratic regression Coefficient of determination (𝑅2)
Spring

A day 𝑦 = 0.0005𝑥
2
+ 0.0477𝑥 − 0.1229 0.9742

An average day 𝑦 = −0.0213𝑥
2
+ 0.4083𝑥 − 0.9357 0.9638

Winter
A day 𝑦 = −0.0038𝑥

2
+ 0.171𝑥 − 0.7396 0.9382

An average day 𝑦 = −0.0201𝑥
2
+ 0.4832𝑥 − 1.8913 0.9878

operating the distribution grid. Certainly, financial aspects
induced by the tariffs regulation have a significant influence
on the coverage limit definition.

From the engineering perspective, various scenarios can
be derived from the approximation curves given in Table 4.
The relationship between storage size and anticipated positive
residual power coverage is expressed through an equation
resulting from statistical observations (Table 4).

There is a trade-off between the investment cost of a
storage unit and anticipated residual power coverage. An
optimization procedure should also include the tariff regu-
lations defining the financial conditions.

6. Conclusion

A detailed analysis of the power data records showed that
residual powers in the MG depend on the season of the
year and yield high short time variations. If the electric
vehicles charge in an uncontrolled unidirectional manner,

the residual load cannot be minimized by a charging power
time shift or by a centralized charging level control. PV
system is mainly influenced by long and short time variations
of the solar irradiation levels.The charging of electric vehicles
is mainly characterised by the arrival and departure times
influencing the simultaneity of superimposed charging loads.
Environmental factors, for example, ambient temperature,
affect the charging process.

The use of a fast responding energy storage system would
contribute significantly to the reduction of the residual power
and its variations as well.

The statistical analysis of the data enabled heuristic
approach to the sizing problemof a storage unit. Twodifferent
observation periods were analysed in two different seasons
of the year. The constraints imposed by energetic and physic
characteristics of all the actors in theMGmust be regarded in
the sizing approach. The sizing is also strongly dependent on
the selected observation period and data averaging approach.
Nevertheless, suitable ranges of values arise, from which a
particular solution can be chosen.



10 International Journal of Photoenergy

E
 (W

h)

P
 (W

)

0
10,000
20,000
30,000
40,000
50,000
60,000
70,000
80,000
90,000
100,000

0
5,000

10,000
15,000
20,000
25,000
30,000
35,000
40,000
45,000
50,000

0
7,

20
0

14
,4

00
21

,6
00

28
,8

00
36

,0
00

43
,2

00
50

,4
00

57
,6

00
64

,8
00

72
,0

00
79

,2
00

86
,4

00
Positive residual power
Positive residual energy

t (s)

(a)

0
10
20
30
40
50
60
70
80
90
100

0
500

1,000
1,500
2,000
2,500
3,000
3,500
4,000
4,500
5,000

50
0

3,
00

0
5,

50
0

8,
00

0
10

,5
00

13
,0

00
15

,5
00

18
,0

00
20

,5
00

23
,0

00
25

,5
00

28
,0

00
30

,5
00

33
,0

00
35

,5
00

38
,0

00
40

,5
00

43
,0

00
45

,5
00

Ab
so

lu
te

 o
cc

ur
re

nc
e

A
nd

 h
ig

he
r

Cu
m

ul
at

iv
e r

el
at

iv
e

oc
cu

rr
en

ce
 (%

)

Absolute occurrence
Cumulative relative occurrence

Quadratic regression

P (W) (class)
N = 9,354

R2 = 0.9742

y = 0.0005x2 + 0.0477x − 0.1229

33
,3

77
80

7
22

9
41

7
14

0
11

1
45 72

6
1,

34
8

52
5

39
2

94
2

45
3

64
6

1,
23

6
35

3
57

3
31

0
10

1
0

(b)

E
 (W

h)

P
 (W

)

0
2,000
4,000
6,000
8,000
10,000
12,000
14,000
16,000
18,000
20,000

0

5,000

10,000

15,000

20,000

0
7,

20
0

14
,4

00
21

,6
00

28
,8

00
36

,0
00

43
,2

00
50

,4
00

57
,6

00
64

,8
00

72
,0

00
79

,2
00

86
,4

00

Positive residual power
Positive residual energy

t (s)

(c)

30
,9

06

97
5

29
8

1,
42

0

1,
47

6

71
3

28
9

76 0 0
10
20
30
40
50
60
70
80
90
100

0
500

1,000
1,500
2,000
2,500
3,000
3,500
4,000
4,500
5,000

50
0

3,
00

0

5,
50

0

8,
00

0

10
,5

00

13
,0

00

15
,5

00

18
,0

00

Ab
so

lu
te

 o
cc

ur
re

nc
e

A
nd

hi
gh

er

Cu
m

ul
at

iv
e r

el
at

iv
e

oc
cu

rr
en

ce
 (%

)

Absolute occurrence
Cumulative relative occurrence

Quadratic regression

P (W) (class)
N = 5,247

R2 = 0.9638

y = −0.0213x2 + 0.4083x − 0.9357

(d)

E
 (W

h)

P
 (W

)

Positive residual power
Positive residual energy

0
10,000
20,000
30,000
40,000
50,000
60,000
70,000
80,000
90,000
100,000

0
5,000

10,000
15,000
20,000
25,000
30,000
35,000
40,000
45,000
50,000

0
7,

20
0

14
,4

00
21

,6
00

28
,8

00
36

,0
00

43
,2

00
50

,4
00

57
,6

00
64

,8
00

72
,0

00
79

,2
00

86
,4

00

t (s)

(e)

2,
60

5

55
,3

81

6,
42

1

1,
00

6

1,
33

0

91
0

1,
31

5

45
4

63
4

1,
93

1

3,
88

3

90
4

74 65 31 0 0
10
20
30
40
50
60
70
80
90
100

0
500

1,000
1,500
2,000
2,500
3,000
3,500
4,000
4,500
5,000

50
0

3,
00

0
5,

50
0

8,
00

0
10

,5
00

13
,0

00
15

,5
00

18
,0

00
20

,5
00

23
,0

00
25

,5
00

28
,0

00
30

,5
00

33
,0

00
35

,5
00

A
nd

hi
gh

er

Cu
m

ul
at

iv
e r

el
at

iv
e

oc
cu

rr
en

ce
 (%

)

Ab
so

lu
te

 o
cc

ur
re

nc
e

Absolute occurrence
Cumulative relative occurrence

Quadratic regression

P (W) (class)
N = 12,537

R2 = 0.9382

y = −0.0038x2 + 0.171x − 0.7396

(f)

Figure 7: Continued.
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Figure 7: Positive residual power along with residual energy and the histogram of positive residual power: (a) residual power, one-day values,
spring; (b) histogramof one-day residual power, spring; (c) residual power, averaged day, spring; (d) histogramof averaged day residual power,
spring; (e) residual power, one-day values, winter; (f) histogram of one-day residual power, winter; (g) residual power, averaged day, winter;
(h) histogram of averaged day residual power, winter.

Table 5: Residual power values implications for storage unit dimensioning.

Period Residual power Positive residual power
A day An average day A day An average day

Spring
Dimensioning in % 100 100 100 90 100 90
Power in kW 99.93 82.79 43.50 40.50 17.13 13.00
Energy in kWh 274.87 467.93 64.00 57.60 12.99 11.69

Winter
Dimensioning in % 100 100 100 90 100 90
Power in kW 51.00 23.50 34.72 31.25 23.50 21.15
Energy in kWh 68.62 54.99 92.83 83.55 64.06 57.65

An exact and precise description of the charging loads
correlated to the features of behavioural patterns of drivers
increases the accuracy of sizing.

The research exhibits inherent statistical uncertainty; all
energetic and physical system constraints of the individual
components must be included in the simulation models.
As a result, the statistical uncertainty is minimized and
maximum reliability of results could be reached. The goal
was to testify the characteristic of the residual power and
thus the necessary storage capacity, to make most realis-
tic representation. Above all, the weather-related seasonal
correlations as well as the user behaviour pose the biggest
challenge for the optimal combination of individual system
components.

Additional Points

(i) There can be a relative high amount of residual power in
MG with charging stations pool and PV system which varies
over the behaviour of the components and the season; (ii)
dumb charging leads to an insufficient use of the generated

PV energy of the described system; the deployment of an
adequate storage can handle this problem; (iii) the superpo-
sition of PV and a CSP (with dumb charging) can increase
negative effects on the public grid (power fluctuations); (iv)
in spring no additional energy from other generating systems
is needed; in winter on the basis of lower irradiance more
energy is needed as the PV can offer; (v) in the observed
spring periods a storage of almost 500 kWh and 100 kW is
needed to handle the rising power and energy in the MG; in
total more energy is generated than used; (vi) on the other
hand in the observed winter periods the storage can be much
lesser; almost 70 kWh and 50 kW are needed and in total
more energy is needed than produced; (vii) the used lead
acid storage is undersized in summer and oversized inwinter;
(viii) the optimal system configuration is dependent relation-
ship between generation, load, and storage system taking into
account the base load of the weather-related production and
storage reserve; and (ix) the dumb charging of electric vehi-
cles leads to strongly inefficient operation of the pv and stor-
age system; the solution can be the smart charging of electric
vehicles.
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[6] K. O. Schallaböck and M. Fischedick, Mix of electric energy in
the operation of electric vehicles. Partial Report under the Envi-
ronmentalMonitoringResearch PriorityArea, Electro-mobility
model regions (German), March 2015, http://wupperinst.org/
uploads/tx wupperinst/Elektromobilitaet TB Strommix.pdf.

[7] F. Locment, M. Sechilariu, and C. Forgez, “Electric vehicle
charging system with PV grid-connected configuration: exper-
imental tests of control and powermanagement,” in Proceedings
of the 2010 IEEE Vehicle Power and Propulsion Conference
(VPPC ’10), Lille, France, September 2010.

[8] V. Marano and G. Rizzoni, “Energy and economic evaluation
of PHEVs and their interaction with renewable energy sources
and the power grid,” in Proceedings of the IEEE International
Conference on Vehicular Electronics and Safety (ICVES ’08), pp.
84–89, IEEE, Columbus, Ohio, USA, September 2008.

[9] Y.Gurkaynak andA.Khaligh, “Control and powermanagement
of a grid connected residential photovoltaic system with plug-
in hybrid electric vehicle (PHEV) load,” in Proceedings of the
24th Annual IEEE Applied Power Electronics Conference and
Exposition (APEC ’09), pp. 2086–2091, February 2009.

[10] X. Li, L. A. C. Lopes, and S. S.Williamson, “On the suitability of
plug-in hybrid electric vehicle (PHEV) charging infrastructures
based on wind and solar energy,” in Proceedings of the IEEE
Power and Energy Society General Meeting (PES ’09), July 2009.

[11] F. Samweber, P. Nobis, and M. Gallet, “Simulation of Pho-
tovoltaic Power consumption with electric vehicles (Part 1),”
BWKDas Energie-Fachmagazin, vol. 66, no. 1-2, pp. 66–69, 2014
(German).

[12] M. Mierau, D. Noeren, and F. Becker, “Potential Analysis of
intelligent charging of electric vehicles with self-generated
photovoltaic electricity in a private household’,” (German),
March 2015, http://www.ise.fraunhofer.de/de/downloads/pdf-
files/paper/studie-potentialanalyse-der-intelligenten-ladung-
von-elektrofahrzeugen-mit-eigenerzeugtem-photovoltaikstrom-
in-einem-privathaushalt.pdf.

[13] J. A. P. Lopes, F. J. Soares, and P. M. R. Almeida, “Integration of
electric vehicles in the electric power system,” Proceedings of the
IEEE, vol. 99, no. 1, pp. 168–183, 2011.

[14] Q. Jiang, M. Xue, and G. Geng, “Energy management of micro-
grid in grid-connected and stand-alone modes,” IEEE Transac-
tions on Power Systems, vol. 28, no. 3, pp. 3380–3389, 2013.

[15] I. S. Bayram, G. Michailidis, M. Devetsikiotis, and F. Granelli,
“Electric power allocation in a network of fast charging sta-
tions,” IEEE Journal on Selected Areas in Communications, vol.
31, no. 7, pp. 1235–1246, 2013.

[16] S. Bahramirad, W. Reder, and A. Khodaei, “Reliability-cons-
trained optimal sizing of energy storage system in a microgrid,”
IEEE Transactions on Smart Grid, vol. 3, no. 4, pp. 2056–2062,
2012.

[17] F. Katiraei, R. Iravani, N. Hatziargyriou, and A. Dimeas,
“Microgrids management,” IEEE Power and Energy Magazine,
vol. 6, no. 3, pp. 54–65, 2008.

[18] DENA, “‘Integration of renewable energies in the German
European electricity market,” (German), March 2015, http://
www.dena.de/fileadmin/user upload/Presse/Meldungen/2012/
Endbericht Integration EE.pdf.

[19] “Plugs, socket-outlets, vehicle connectors and vehicle inlets—
conductive charging of electric vehicles—part 2: dimensional
compatibility and interchangeability for a.c. pin and contact-
tube accessories (IEC 62196-2:2011),” Tech. Rep. DIN EN 62196-
2, 2014.

[20] DIN, “Electric vehicle conductive charging system—part 1:
general requirements (IEC 69/219/CD:2012),” DIN EN 61851-1,
2013.

[21] K. Young, C. Wang, L. Y. Wang et al., “Electric vehicle battery
technologies,” in Electric Vehicle Integration Into Modern Power
Networks, R. Garcia-Valle and J. A. Pecas Lopes, Eds., pp. 15–56,
Springer, Berlin, Germany, 1st edition, 2013.

[22] S. Kohler and A. Agricola, “Integration of renewable energies
in the German European electricity market,” (German), March
2015, http://www.vernunftkraft.de/de/wp-content/uploads/
2012/12/zukunftsfragen 2012 1212 kohler.pdf.



Research Article
Multicore PSO Operation for Maximum Power Point
Tracking of a Distributed Photovoltaic System under
Partially Shading Condition

Ru-Min Chao,1,2 Ahmad Nasirudin,1 I-Kai Wang,1 and Po-Lung Chen1

1Department of Systems and Naval Mechatronics Engineering, National Cheng Kung University, Tainan 701, Taiwan
2Research Center for Energy Technology and Strategy, National Cheng Kung University, Tainan 701, Taiwan

Correspondence should be addressed to Ru-Min Chao; rmchao@mail.ncku.edu.tw

Received 26 February 2016; Revised 26 May 2016; Accepted 1 June 2016

Academic Editor: Angell A. Bayod

Copyright © 2016 Ru-Min Chao et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This paper identifies the partial shading problem of a PV module using the one-diode model and simulating the characteristics
exhibiting multiple-peak power output condition that is similar to a PV array. A modified particle swarm optimization (PSO)
algorithm based on the suggested search-agent deployment, retracking condition, and multicore operation is proposed in order to
continuously locate the global maximum power point for the PV system. Partial shading simulation results for up to 16 modules in
series/parallel formats are presented. A distributed PV system consisting of up to 8 a-silicon thin film PV panels and also having a
dedicated DC/DC buck converter on each of the modules is tested. The converter reaches its steady state voltage output in 10ms.
However forMPPT operation, voltage, and current measurement interval is set to 20ms to avoid unnecessary noise from the entire
electric circuit. Based on the simulation and experiment results, each core of the proposed PSO operation should control no more
than 4 PV modules in order to have the maximum tracking accuracy and minimum overall tracking time. Tracking for the global
maximum power point of a distributed PV system under various partial shading conditions can be done within 1.3 seconds.

1. Introduction

In a centralized photovoltaic system, the total power gener-
ated by the entire array of PV modules is reduced due to
panel’s mismatch, degradation, or partial shading conditions.
In such a case, the power characteristic curve for the entire
PV array exhibits multiple maxima power points making
the maximum power point tracking (MPPT) algorithmmore
difficult to find its global extreme value. Therefore, the
appropriate power point tracking algorithm is needed to
avoid getting local maximum power. PV system exhibiting
multiple maxima has been discussed by many researchers.
Latest research works on different MPPT techniques include
Cuckoo search method [1], MPPT based on the bypass
diodes working mechanism [2], colony of flashing firefly
method [3, 4], modified incremental conductance algorithm
[5], voltage interval regularity method [6], artificial bee
colony method [7], particle swarm optimization and related

methods [8–13], random search method [14], and radial
movement optimization [15].

However, for the aforementioned system, partial shading
on PV modules reduced the power generated by the PV
system compared to the maximum power generated from
each module separately.Therefore, the distributed PV system
format is developed by using a dedicated DC/DC converter
on each of the PV panels [16, 17] in order to collect more
electricity from the sun. With a local MPPT microcontroller
embedded with the DC/DC converter, it is reasonable to take
full advantage of all available MPPT methods to design a
distributed PV system. But, there is still one disadvantage
for such a PV system: extra cost to the DC/DC converter for
current and voltage sensors.

Multivariable maximum power point tracking method
(also known as the distributed MPPT or DMPPT) has an
advantage over the classical distributed MPPT algorithm by
using only one set of current and voltage data. Some works
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based on perturb and observation [18, 19], method using cur-
rent compensation concept [20], and a direct neural control
based on the hybrid online/offline learning mechanism [21]
are reported. On their work, complexity and possible longer
processing time to reach the global maxima, only system
with limit quantity of PV panel/string is discussed. Following
the work of [22], a DMPPT algorithm based on panel level
DC/DC converter control using embedded microcontroller
is also possible. Therefore, this work intends to provide a
multivariable MPPT algorithm suitable for a distributed PV
system containing larger number of PV modules connected
in series and/or in parallel. Using the one-diode model, the
characteristic curve of a PVmodule exhibitingmultiple-peak
power output is simulated, which is similar to a PV array
under partial shading condition. A modified particle swarm
optimization (PSO) algorithmbased on the suggested search-
agent deployment and retracking condition is proposed in
order to continuously locate the global maximum power
point for the PV system. The weighting function of PSO
method with certain scenario is applied to strengthen its
global searching capability. As the number of PV modules
increases, the tracing time is also increased and the DMPPT
accuracy is decreased. The multicore PSO operation is then
introduced to maintain the maximum accuracy and mini-
mum tracking time when dealing with multiple PV modules
in series and parallel connection. Partial shading simulation
results for up to 16 panels in series/parallel formats are
presented. A distributed PV system consisting of up to 8
thin film PV panels and having a dedicated DC/DC buck
converter on each of the modules is also tested. The detail
follows.

2. Photovoltaic Characteristics of a Solar Panel

An ideal single-diode solar cell model is represented by a
photo current source (𝐼ph), a series resistance (𝑅𝑠), a parallel
connected diode (𝐷

1
), and a shunt resistance (𝑅sh) (see

Figure 1). The current generated by the photovoltaic effect
is proportional to the irradiation and temperature, and the
diode in the ideal circuit shows that a solar cell in the dark
condition is simply a semiconductor current rectifier. The
corresponding I-V characteristic is expressed by the Shockley
solar cell equation. In practice, to obtain the equivalent
circuit of a solar panel consisting of 𝑁

𝑠
number of cells

in series, the single-diode model is often modified to fit
the observed electrical characteristics and its mathematical
model becomes

𝐼PV = 𝐼ph − 𝐼sat [𝑒
𝑞(𝑉PV+𝐼PV𝑅𝑠)/𝑁𝑠𝑛id𝑘𝐵𝑇 − 1]

−
𝑉PV + 𝐼PV𝑅𝑠

𝑅sh
,

(1)

where𝑇 is the temperature,𝑉PV and 𝐼PV represent the voltage
and current of the solar cell, respectively, 𝑘

𝐵
is the Boltzmann

constant, 𝑞 is the electron charge, 𝐼sat is the diode saturation
current, 𝐼ph is the photogenerated current, and 𝑛id represents
the empirical factor of the diode.

A PV module is usually assembled by connecting several
solar cells in series and in parallel to give the required

Table 1: SG-2300 electrical specifications at standard testing condi-
tion.

Solar cells in series 𝑁
𝑠

60
Open circuit voltage 𝑉oc 37.55V
Short circuit current 𝐼sc 8.47 A
Voltage at MPP 𝑉MP 29.08V
Current at MPP 𝐼MP 7.91 A
Power at MPP 𝑃Max 230W

Table 2: Simulation parameters for SG-2300.

Equivalent series resistance 𝑅
𝑠

0.00833Ω
Equivalent parallel resistance 𝑅sh 4.8666Ω
Photovoltaic current 𝐼ph 8.47A
Saturation current 𝐼sat 8.1 𝜇A
Empirical diode factor 𝑛id 0.875

Table 3: CSSS-90A electrical specifications at standard testing
condition.

Solar cells in series 𝑁
𝑠

140
Open circuit voltage 𝑉oc 87.2 V
Short circuit current 𝐼sc 1.44A
Voltage at MPP 𝑉MP 62.03V
Current at MPP 𝐼MP 1.15 A
Power at MPP 𝑃Max 90W

current and voltage output for application. The overall I-
V characteristic curve cannot be derived from one solar
cell alone, and panel level testing under environmental
temperature and irradiation is required to calculate the PV
module’s characteristics. Following the works of Kennerud
[23], the five parameters (𝐼ph, 𝐼sat, 𝑛id, 𝑅𝑠, and 𝑅sh) from
the mathematic model not given by the manufacturer can
be determined based on experimental result. Using 5 inde-
pendent conditions derived from (1) with 𝑉oc, 𝐼sc, 𝑉MP, 𝐼MP,
(𝑑𝐼/𝑑𝑉)

𝐼pv=0
, and (𝑑𝐼/𝑑𝑉)

𝑉pv=0
obtained from experiment,

one can solve for these parameters by using Mathcad soft-
ware. For example, SG-2300 is a poly-silicon type of PV
module having 60 solar cells in series. Its specifications by
the manufacturer are listed on Table 1. The required data is
found by using PV power analyzer PROVA 210, and the 5
characteristic parameters are solved and shown in Table 2.
Notice that 𝐼ph is almost unchanged with respect to 𝐼sc.
Eventually, the characteristic curves for the PV module can
be drawn at different irradiation and temperature conditions
(see Figure 2).

Similarly, the specifications of an amorphous silicon thin
film PV panel, Chimei CSSS-90A having 140 solar cells, are
shown in Table 3. The parameters for simulation are listed by
Table 4, and PV characteristic curves at various irradiation
and temperature are also plotted in Figure 3. These two
examples provide the values for 𝑅

𝑠
, 𝑛id, and 𝑅sh by solving

5 sets of equations. For smaller power rated PV module, the
value of 𝑅sh can be bigger.
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Table 4: Simulation parameters for CSSS-90A.

Equivalent series resistance 𝑅
𝑠

0.0588Ω
Equivalent parallel resistance 𝑅sh 3.62Ω
Photovoltaic current 𝐼ph 1.45 A
Saturation current 𝐼sat 10.7𝜇A
Empirical diode factor 𝑛id 1.879

D1

Rs
IPV

VPVIph Rsh

Figure 1: The solar cell equivalent circuit, the single-diode model.

3. Effect of Partial Shading on Solar Panel

In order to reduce the hot spot effect due to partial shading of
the PV cells, bypass diodes are used to avoid current flowing
through the shaded cells. For SG-2300 as an example, three
diodes are parallelly connected to the solar cells and the
panel is divided into three zones for practical application
(see Figure 4(a)). When two zones of cells are in standard
test condition (irradiation at 1000W/m2, and 𝑇 = 25∘C), its
characteristic curve is simulated and shownby the black, solid
curve in Figure 4(b).The shaded zone is simulated as uniform
insolation with less intensity (500W/m2) and the result is
shown in dashed red curve. Recall that a 0.6V reverse bias
has to be taken into consideration when the two curves are
arithmetically matched to find the panel’s final I-V curve,
shown by dotted green curve in Figure 4(b), and P-V curve
also in Figure 4(c). If no bypass diode is connected to the
module, the hot-spot effect reduces the power output of the
PV panel to 26.4W based on simulation result (not shown in
here). When three bypass diodes are connected as described
in Figure 4(a), the power output goes to 150.3W. For two
shaded PV zones at different irradiation, its characteristic
curves can be more complicated and three local maximum
power peaks are possible (see Figure 5).

4. Example of a Distributed PV System under
Partial Shading Condition

Previously, module level partial shading condition has been
discussed. Similar to the centralized PV system, it is clearly
showed that module level multiple local maximum power
points can cause problem to most of tracking algorithm: not
able to distinguish the local peak from the global peak. In
a distributed PV system, each module is usually controlled
by a local DC/DC converter having its maximum power
point tracker, and the effect of partial shading can be limited
to module level instead of the entire system. Consider the
following example of a distributed systemwith two PV panels
(see Figure 6).When both panels are operated at the standard
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Figure 2: I-V and P-V characteristic for SG-2300 under (a) various
irradiation,𝑇= 25∘Cand (b) different panel temperature, irradiation
at 1000W/m2.

test condition, the power output with respect to the operation
duty for the buck converter is shown in Figure 7(a). Only
one maximum power point is found. However, when the two
modules encountered different degree of partial shading as
indicated by Figure 6, the power output contour for various
operation duties becamemore complicated (Figure 7(b)) and
a special strategy has to be implemented for global maximum
power point tracking. There are very few literatures studying
the module level MPPT performance of a distributed PV
system under partial shading effect. A granular control
algorithm based on the particle swarm optimization for
DMPPT is therefore proposed to discuss this issue.

5. Modified Particle Swarm Optimization for
MPPT of a Distributed PV System

The original particle swarm optimization (PSO) algorithm
finds the control variables which will give the optimal output
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Figure 3: I-V and P-V characteristic curves for CSSS-90A under (a) different irradiation, 𝑇 = 25∘C and (b) different panel temperature,
irradiation at 1000W/m2.

of a multivariable fitness function. Strategically, one can
deploy as many agents as possible covering the entire search
domain or limiting the number of searching steps to ensure
that a convergent result is reached. When it comes to the
maximum power point tracking for a distributed PV system,
one does not have the luxury to overlook the importance
of convergent speed. Consider the distributed PV system
as shown in Figure 8. The PSO algorithm is used as the
distributed maximum power point tracker, DMPPT by a
central controller. By controlling the operation PWM duty
for each of the converters, it is possible to optimize the total
power output of the PV system. However, the PV system is
under the dynamic changing atmospheric condition since the
irradiation and the temperature can be different from time
to time. The number of agents deployed and the convergent
condition for searching the maximum power point of the PV
systemwould be two important factors that affect the tracking
result.

PSO algorithm treats every agent as a massless particle
searching for the optimal value in the 𝑛-dimensional space,
and the agent’smoving speed, V

𝑖
(𝑡+1), depends not only upon

its previous flying experience but also on others agents’ flying
record. Equation (2) describes the moving speed of an agent
related to the difference of its individual best record and the
difference to the global best value that has been found. 𝑟

1
and

𝑟
2
are two random functions between 0 and 1. The cognitive

coefficient, 𝑐
1
, takes into account the relative position between

current location, 𝑥
𝑖
(𝑡), and its previous local best location,

𝑝
𝑖
(𝑡). Similarly, the social coefficient, 𝑐

2
, also takes into

account the relative distance between the global best, 𝑝
𝑔
(𝑡),

and the current position. The weighting function, 𝑤, shares

some experience from the previous moving speed, V
𝑖
(𝑡). The

new location for the searching agent is then calculated by (3):

V
𝑖
(𝑡 + 1) = 𝑤 ⋅ V

𝑖
(𝑡) + 𝑐

1
⋅ 𝑟
1
⋅ (𝑝
𝑖
(𝑡) − 𝑥

𝑖
(𝑡)) + 𝑐

2
⋅ 𝑟
2

⋅ (𝑝
𝑔
(𝑡) − 𝑥

𝑖
(𝑡)) ,

(2)

𝑥
𝑖
(𝑡 + 1) = 𝑥

𝑖
(𝑡) + V

𝑖
(𝑡 + 1) . (3)

Previously, Chowdhury and Saha [8] used the adaptive
perceptive PSO to study the partial shading of PV array.
Miyatake et al. [9] simulate and test for two PV strings
in parallel condition. Seyedmahmoudian et al. [10, 11] use
evolutionary type PSO to tackle the problem. Tian et al.
[12] consider an adaptive random PSO algorithm. Eltamaly
[13] applies a modified PSO using genetic algorithm. These
methods neither are to consider the module level partial
shading effect nor are likely to perform the granular control
of the photovoltaic systems. Here, we apply the classical
PSO algorithm with the specified cognitive coefficient, social
coefficient, and the weighting function. Based on the sim-
ulation effort, the weighting function of PSO method with
certain scenario is applied to strengthen its global searching
capability. Later on, a multicore operation method is also
introduced for the granular control of the PV system with
larger number of modules involved.

In our case, 𝑐
1
and 𝑐
2
are set to 2, and the weighting

function 𝑤 is set between 0.4 and 0.9 to strengthen its
global searching capability. Initially, 𝑤 is set to 0.9 and
is linearly decreased to 0.4, whose slope depends on the
number of iterations on previous search step. After each PSO
search loop, the latest local best, the global best values, and
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Figure 4: (a) SG-2300 PVpanel under partial shading condition: two zones at 1000W/m2 irradiation and one zone at 500W/m2,𝑇= 25∘C; (b)
I-V curves for each of the regions under different insolation (solid and dashed lines); (c) I-V and P-V curves for the panel under consideration.

the agents’ locations will be updated for the next iteration
loop. Since the global best value of a distributed PV system
is depending on the instantaneous weather condition, a
convergence criterion setting the square norm of the optimal
value to the global best value and the distance from the agent
position to its global best location is therefore proposed; see
(4). Once the square norm is less than a small value of 𝜀,
it is said that the global optimal value and its location are
confirmed. Consider

𝜀 ≤ √(

𝑝 (𝑥
𝑖
) − 𝑝
𝑔

𝑝
𝑔

)

2

+ (

𝑥
𝑖
− 𝑥
𝑔𝑏𝑒𝑠𝑡

𝑥max
)

2

. (4)

For PV application, considering 𝑝
𝑔
the previously searched

global maximum power output and 𝑥
𝑔𝑏𝑒𝑠𝑡

the previously

controlled PWM command giving best output, the value
of 𝜀 represents the progressive improvement ratio between
consecutive iterations. Smaller 𝜀 gives a more accurate global
maximum but slower convergent rate, whereas larger 𝜀 gets
faster convergence but less accurate result. In order to com-
promise the accuracy and tracking speed for globalmaximum
power output and also to reduce unnecessary tuning of the
DC/DC converter, experienced selection of 𝜀 = 0.01 based
on trial and error is used in this study.

5.1. Initialization and Retracking for the Search-Agent Deploy-
ment. Random search of the optimal operating PWM duty
of the converter for maximum power output seems not very
efficient and therefore an even spaced agent deployment
method is proposed. Use two-module PV system as an
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Figure 6: Two-panel distributed PV system under different shading condition.

example. Let the controlled PWM duty cycle be 𝑋. Initially,
two agents are deployed for each module and they are
positioned at one-quarter and three-quarters of the entire
adjustable range. Let PWM duty 𝐷 be the average of the
tuning range, 𝐷 = 50%, and let 𝑋max be its maximum tuning
value, 𝑋max = 50%, then the search agents are located at
𝐷 ± 𝑋max/2 to start the tracking (see Figure 9(a)). In order
to be consistent with (4), system retracking is enforced once
the power output varies over 1% from its previous maximum

power point. Once retracking starts, the agents are relocated
to a nearby position which is determined by the following
procedure. Firstly, identify the halfway distance from the
current maximum power point to the searching boundary
(see Figure 9(b)). Secondly, calculate the percentage change
of PV power when retracking started. Then the agents are
moved by a distance which is the product of the two values
from the above calculations.The reason for taking account of
the percentage change of power while determining the agent’s
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Figure 7: Power contour of the distributed PV system having two modules in series connection; (a) operation in standard test condition; (b)
PV panels are partial shaded as described in Figure 6.
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new location is to keep the agents within a reasonable range
from their previous optimal location. With such an idea, the
retracking time for PSO operation is reduced, and the power
disturbance during MPP retracking is also minimized.

5.2. MPPT Simulation for Panel Level Partial Shading Con-
ditions. Let us consider the SG-2300 in three possible par-
tial shading conditions. The three different conditions are
categorized as normal (all irradiation is 1000W/m2), two
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Figure 9: Agent deployment strategy: (a) Initial location is set to one-quarter or three-quarters of the entire adjustable range; (b) retracking
location is calculated from current maximum power position to the searching boundary multiplied by the percentage change of the output
power.
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Figure 10: Power voltage characteristic curve for PV panel under various partial shading conditions.

peaks (only one zone at 800W/m2 irradiation), and three
peaks (different zone at 1000, 800, and 600W/m2 irradiation,
resp.), and the P-V curves are shown in Figure 10.We evaluate
the tracking performance for the distributed two-module PV
system whose partial shading condition changes from one to
another as illustrated in Table 5.

For example, the PV system encounters the partial
shading Case 2 and later on Case 4; a sample tracking

result is shown in Figure 11. During the simulation, tracking
interval is set to 10ms in order to compensate the time for
steady state output of the DC/DC converter (which will be
explained later). The proposed PSO maximum power point
tracking algorithm for two-panel system can find the global
maximum power point within 50 steps (0.5 seconds). When
comparing the power output from the proposed algorithm,
𝑃
(PSO) with the expected power output from the characteristic
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Figure 11: PSO tracking result from Case 2 to Case 4: (a) MPPT efficiency calculation; (b) agent movement for Case 2; (c) agent movement
from Case 2 to Case 4.

Table 5: PSO simulation conditions for the distributed two-panel
PV system.

PV panels 1 and 2 Normal (1) Two peaks (1) Three peaks (1)
Normal (2) Case 1 Case 2 Case 3
Two peaks (2) x Case 4 Case 5
Three peaks (2) x x Case 6

curves, 𝑃
(curve), the ratio of 𝑃

(PSO)/𝑃(curve) is over 99% (see
Figure 11(a)). Figure 11(b) also indicates the movement of
all agents (in different marks) from their initial position to
the optimal position. When the shading condition jumps
from Case 2 to Case 4, the retracking results are shown in
Figure 11(c). Take another example, as the test condition is
changing from Case 3 to Case 5 and then to Case 6. The
proposed particle swarm optimization procedure performs
well in all of these conditions (see Figure 12). Notice that some

of the operation point is outside of the permissible zone that
causes power output minimum.

Since the PSO method uses a random function calcula-
tion for agents’ movement, the time required to reach the
maximum power point is calculated based on the average of
500 computer simulations. It is found that as the number of
PV panels in series increases, more agents are required to
find the global MPP. As a result, the tracking time increases
and MPPT accuracy decreases (see Figure 13). The multicore
operation strategy is then proposed.

6. Multicore PSO Operation Method

Similar to the previous computational process, the entire
PV system is divided into several groups for PSO opera-
tion. Figure 14(a) gives the schematic diagram of a 4-PV
distributed system that uses two PSO engines for DMPPT
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Figure 12: PSO tracking result from partial shading Case 3 to Case 5 to Case 6: (a) MPPT accuracy calculation; (b) agent movement from
track start to maximum power output on Case 3; (c) agent movement from Case 3 to Case 5; (d) agent movement from Case 5 to Case 6.
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Figure 13: MPPT accuracy and convergent speed as a function of
module number in the distributed system.

calculation. Simulation results prove that using multi-PSO
engines can not only reduce the iteration time forDMPPTbut

also increase the overall tracking accuracy when compared
with only one PSO engine involved (Figure 14(b)).

In order to further examine the MPPT performance
of the entire PV system, the transient response of a PV
panel with a switching DC/DC converter design has to
be clarified. The Multisim software is used to simulate the
characteristic of CSSS-090A connecting to the converter as
shown in Figure 15. The transient result is also confirmed
by testing a converter prototype with the Solar Array Sim-
ulation, E4351B, and the converter requires 10ms to give
steady state output. For system deployment, there is electric
noise coming from different switching converters. For better
tracking performance, 20ms interval is suggested when the
DMPPT controller requests for (𝐼, 𝑉) data acquisition during
MPPT operation, and this value is used while performing the
experiment work in the subsequent section. For computer
simulation, LabVIEW provides the cosimulation function to
interact with other software. Therefore, one can write the
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Figure 14: (a) Schematic diagram for two PSO engines operation of a distributed system, and (b) two-core tracking DMPPT performance.

proposed PSO MPPT algorithm within LabVIEW and calls
for the PV information and DC/DC converter response from
the Multisim software through the cosimulation function.
However, if the DC/DC converter is modeled using all the
diode, mosfet, resistance, and so forth, it takes extensive
computer time to perform one step of MPPT operation.
For faster MPPT simulation, a simplified DC/DC converter
is modeled in Multisim with the LabVIEW program for
DMPPT throughout this work. An example of the 4-PV

Multisim program using simplified DC/DC converter model
is shown in Figure 16. Simulation cases using up to 16
PV panels in series/parallel connection are considered, and
these cases are simulated by the proposed multicore PSO
technique.

Shading condition is defined by changing the irradiation
over the PV panel from 1000W/m2 to 600W/m2. Two
partial shaded panels are to be considered, and they can
be located in the same or different PV strings. Each of the
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Figure 15: Multisim program for transient analysis of the DC/DC converter connected to a PV panel.

above cases is also simulated with different number of core
operations. All of the simulation cases can be best described
in Table 6. Notice that PV modules in the same string are
shown in the same square box and the shaded panel ID is
in grey scale. As the number of PV panels increases, the
possible number for PV arrangements also increases. For
this reason, simulation results with same string format are
put into the same category for discussion no matter whether
the shading modules belong to the same or different strings.
Simulation covers five testing stages: The first is no shading,
then shading condition (Case 2), recovering from shading,
shading condition (Case 4), and finally no shading. Each test
result provides the information to evaluate the performance
of the proposed PSO method. The power output from the
proposed algorithm, 𝑃

(PSO), is compared with the estimated
power output from the characteristic curves,𝑃

(curve).The ratio
of 𝑃
(PSO)/𝑃(curve) is defined as the MPPT accuracy, and the

results are shown in Table 7. Overall, the MPPT performance
by the proposedmethod has an accuracymore than 96%, and
tracking error is less than 2% of the target value. Notice that,
for multicore MPPT operation, as the number of modules
controlled by each core is larger than 6, the tracking step for
maximum power point increases considerably.

7. Experiment Results for
the Distributed PV System

Experimental work is carried out at the rooftop of our depart-
mental building, where up to 8 CSSS-090A or CSSS-100A
modules are used (see Figure 17(a)). A switching DC/DC
converter is designed and developed (see Figure 17(b)). In
order to use NI sbRIO-9642XT for system control, a photo
coupler typeMOSFET driver ICHCPL-3180 is used for signal
isolation and HCPL-7840 and MCP3204 are for 𝐼 and 𝑉 data
acquisition, respectively. Figure 17(c) shows the prototype of

the DC/DC converter and the isolation circuit board for the
experimental work. Schematic testing formats for PV panels
in 4S, 2P2S, and 2P4S are shown in Figure 18(a). During the
partial shading test, a shading visor of size 81 cm by 19 cm is
placed on top-left corner by hand to check the tracking time
for the proposed PSO method (Figure 18(b)). Partial shading
experiment is carried out for one shading visor over each
string of panels. If two PV strings are in parallel connection,
then shading takes place at 10-second interval for each string.
For 2P4S case, each string of PV array also consists of one
CSSA-100A to represent system mismatching condition or
module degrading effect. For the 2P4S testing format, partial
shading conditions are set to be as follows: (i) one panel, (ii)
two panels in the same string, and (iii) two panels in different
strings. Then one can evaluate the tracking time and others
for different multicore MPPT technique. One of the testing
results for 2P4S case using 4 multicore PSO operations is
shown in Figure 18(c). Limited by experimental equipment,
8S testing format cannot be performed because the high
open circuit voltage output is not compatible with our battery
system.

The error analysis for the simulation result is easier,
because the power output at the designate irradiation and
temperature conditions can be calculated from the PV
characteristic curves. For on-site experiment, the weather
condition is not always stable and the irradiation can be
different during the test period. Therefore, a benchmark
value is calculated using the average power output of the
PV system with or without partial shading. The error for
experimental result is defined by the difference of the steady
state average output during each test case from its benchmark
value. For example, Figure 19 shows one particular test result.
One can calculate the average power output from the period
of testing under partial shading and no-shading conditions
as the benchmark values for the two conditions. Then the
experimental error for each of the shading/unshading cases



International Journal of Photoenergy 13

Table 6: PV string information and shading arrangement for MPPT simulation.

PV# Format Case 2: shading panel ID Case 4: shading panel ID

4

4S PV1 PV2 PV1 PV3
2P2S PV1 PV2 PV1 PV3

Shading of modules PV02
module

PV01
module

PV02
module

PV01
module

PV03
module

PV04
module

PV01
module

PV02
module

PV01
module

PV03
module

PV04
module

PV03
module

8

8S PV1 PV3 PV1 PV5
2P4S PV1 PV3 PV1 PV5
4P2S PV1 PV3 PV1 PV5

Shading of modules

PV01
module

PV02
module

PV03
module

PV04
module

PV03
module

PV01
module

PV01
module

PV02
module

PV03
module

PV04
module

PV01
module

PV05
module

PV06
module

PV07
module

PV08
module

PV05
module

PV06
module

PV07
module

PV08
module

PV05
module

12

12S PV1 PV5 PV1 PV9
3P4S PV1 PV5 PV1 PV9

Shading of modules

PV01
module

PV02
module

PV03
module

PV04
module

PV01
module

PV01
module

PV02
module

PV03
module

PV04
module

PV01
module

PV05
module

PV06
module

PV07
module

PV08
module

PV05
module

PV06
module

PV07
module

PV08
module

PV09
module

PV10
module

PV11
module

PV12
module

PV09
module

PV10
module

PV11
module

PV12
module

PV09
module

12

2P6S PV1 PV5 PV1 PV9
4P3S PV1 PV5 PV1 PV9

Shading of modules

PV01
module

PV02
module

PV03
module

PV04
module

PV05
module

PV06
module

PV01
module

PV05
module

PV01
module

PV02
module

PV03
module

PV04
module

PV05
module

PV06
mdule

PV01
module

PV07
module

PV08
module

PV09
module

PV10
module

PV11
module

PV12
module

PV07
module

PV08
module

PV09
module

PV10
module

PV11
module

PV12
module

PV09
module

16

16S PV1 PV5 PV1 PV9
2P8S PV1 PV5 PV1 PV9
4P4S PV1 PV5 PV1 PV9
8P2S PV1 PV5 PV1 PV9

Shading of modules

PV01
module

PV02
module

PV03
module

PV04
module

PV05
module

PV06
module

PV07
module

PV08
module

PV01
module

PV05
module

PV01
module

PV02
module

PV03
module

PV04
module

PV05
module

PV06
module

PV07
module

PV08
module

PV01
module
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Table 6: Continued.

PV# Format Case 2: shading panel ID Case 4: shading panel ID

PV09
module

PV10
module

PV11
module

PV12
module

PV13
module

PV14
module

PV15
module

PV16
module

PV09
module

PV10
module

PV11
module

PV12
module

PV09
module

PV13
module

PV14
module

PV15
module

PV16
module

Table 7: Performance of the proposed multicore PSO MPPT algorithm using LabVIEW.

PV panel PV format Core Panel/core Average
tracking steps

Overall
accuracy, %

Accuracy
without

shading, %

Accuracy
with shading,

%

Error without
shading, %

Error with
shading, %

4PV 4S 1 4 62.16 97.66 97.72 97.56 1.36 1.28
4PV 4S 2 2 40.83 97.5 98.25 96.37 1.31 2.52
4PV 2P2S 1 4 60.14 98.53 98.46 98.62 1.15 1.1
4PV 2P2S 2 2 41.47 99.02 98.92 99.17 0.78 0.47
8PV 8S 1 8 142.7 95.62 95.98 95.09 1.12 1.59
8PV 8S 2 4 72.22 97.02 97.16 96.8 1.02 1.58
8PV 8S 4 2 47.29 96.47 97.29 95.24 1.53 1.49
8PV 2P4S 1 8 138.29 96.48 96.87 95.89 1.27 0.98
8PV 2P4S 2 4 70.01 97.86 97.91 97.79 0.8 0.9
8PV 2P4S 4 2 46.71 97.3 97.87 96.45 1.19 1.35
12PV 3P4S 2 6 133.89 96.67 96.92 96.28 0.87 1.02
12PV 3P4S 3 4 77.72 97.59 97.6 97.59 0.64 0.64
12PV 3P4S 6 2 52.21 97.01 97.65 96.04 0.97 0.98
16PV 2P8S 2 8 180.72 96.22 96.27 96.14 1.15 1.46
16PV 2P8S 4 4 84.92 97.16 97.23 97.06 0.64 0.6
16PV 2P8S 8 2 55.76 96.67 97.55 95.35 0.93 1.14
16PV 4P4S 2 8 181.42 96.46 96.53 96.35 1.03 1.12
16PV 4P4S 4 4 84.22 97.4 97.47 97.31 0.59 0.54
16PV 4P4S 8 2 55.82 97.12 97.76 96.17 0.79 0.78

can be calculated from its benchmark value. Factors that can
affect the accuracy of power output include the number of
multicores for PSO MPPT, system format, degree of partial
shading, PV characteristic, and so forth. Here, the percentage
tracking error of a test case is calculated by averaging at
least three test results for a particular PV format and shading
condition. The final tracking error is the average of all
partial shading tests with the same number of multicore
PSO algorithms, and the result is shown in Table 8. For the
2P4S case with one PSO engine for DMPPT operation, one
observes that the tracking time for MPPT is less than 1.3 s
but the steady state power output for one shaded module
is very sensitive to the weather condition. If two shaded
panels are at different PV strings, the tracking error is usually
larger than the other test conditions. Possible reason is that
the local maximum value is found rather than the global
extreme value. Therefore, single core PSO operation is not
recommended for PV system over 8 panels in series/parallel

format if partial shading effect is an issue for the PV system.
Overall, one PSO engine controlling no more than 4 panels
will provide the best track result.

8. Discussions and Conclusions

Partial shading effect can cause electric power loss for a
PV harvesting system. This work uses a one-diode model
to present the performance of the solar panel and shows
that three bypass diodes’ installation on the solar panel can
exhibit at most three local peaks in its characteristic curve
under partial shading condition. This simulation algorithm
can be used to estimate the overall energy harvesting rate of
a distributed PV system under partial shading condition.

Panel level partial shading effect will make an impact on
the overall power output of a distributed PV system. Thus,
a modified particle swarm optimization (PSO) maximum
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Figure 16: 4S PV modeling using Multisim with simplified DC/DC model.

power point trackingmethod, based on the suggested search-
agent deployment and retracking strategy, is presented. In
order to systematically evaluate the proposed DMPPT per-
formance, the distributed PV system having up to 16 PV

panels connected in series and in parallel is simulated using
LabVIEW cosimulated with Multisim. As the number of
modules increases, the maximum power point tracking for
the systemusing only one core operation becomes ineffective.
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Figure 17: (a) Experimental site for the distributed PV system; (b) DC/DC converter circuitry design; (c) DC/DC converter prototype (right)
and signal isolation board (left).

Computer simulations show that multicore operation of the
MPPT operation for a distributed PV system is feasible.
Although the shaded module could be at different strings
of a distributed PV system causing different effect on power
loss, multicore PSO MPPT technique can always track the
global maximum power point with reasonable tracking steps.
The buck converter used in this work requires 10ms to
reach steady state output. System noise from other converters
also limits the time interval between two control commands
sending to each of the converters. The multicore PSO MPPT
uses 20ms interval for the tracking control giving very
reliable test result. Experimental test using up to 8 amorphous
silicon PV panels in different series/parallel formats and
shading conditions verifies the feasibility of the proposed
technique. The tracking time for global maximum power
point by the proposedmethod can be donewithin 1.3 seconds.

Based on the simulation result, as the number of con-
trolled modules by one PSO engine is over or equals 6,

the tracking speed is not acceptable. For better overall
performance, experimental result also shows that one PSO
DMPPT engine controlling up to 4 PV panels is preferable. If
the crosstalk noise amongDC/DC converters can be reduced,
the tracking time for the maximum power point can be
further reduced by the proposed PSO method.
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Table 8: Tracking time and error for the proposed multicore PSO MPPT operation: simulation versus experiment.

PV format:
P: parallel;
S: series

Tracking
method (core
number)

Average
tracking time in

sec
Tracking steps

Tracking error
(%) without
shading

Tracking error
(%) with partial

shading

2P2S
PSO (1) 1.15 57.7 1.27 2.17

Simulation 60.1 1.15 1.1

PSO (2) 0.71 35.5 0.79 1.44
Simulation 41.5 0.78 0.47

4S
PSO (1) 1.27 63.3 1.70 1.60

Simulation 62.2 1.36 1.28

PSO (2) 0.76 38.1 1.62 6.90
Simulation 40.8 1.31 2.52

2P4S

PSO (1) 1.25 62.3 0.79 2.21
Simulation 138.3 1.27 0.98

PSO (2) 1.11 55.5 2.24 3.1
Simulation 70 0.8 0.9

PSO (4) 1.06 53 0.75 2.34
Simulation 46.7 1.19 1.35
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Energy supply together with the data management is one of the key challenges of our century. Specifically, to decrease the climate
change effects as energy requirement increases day by day poses a serious dilemma. It can be adequately reconciled with innovative
datamanagement in (renewable) energy technologies.The new environmental-friendly planningmethods and investments that are
discussed by researchers, governments,NGOs, and companieswill give the basic andmost important variables in shaping the future.
We use modern data mining methods (SOM and 𝐾-Means) and official governmental statistics for clustering cities according to
their consumption similarities, the level of welfare, and growth rate and compare them with their potential of renewable resources
with the help of Rapid Miner 5.1 and MATLAB software. The data mining was chosen to make the possible secret relations visible
within the variables that can be unpredictable at first sight.Here, we aim to see the success level of the chosen algorithms in validation
process simultaneously with the utilized software. Additionally, we aim to improve innovative approach for decision-makers and
stakeholders about which renewable resource is the most suitable for an exact region by taking care of different variables at the
same time.

1. Introduction

Today, concerns about the environment, energy security, and
economic prosperity are increasingly developing. The Inter-
national Energy Agency (2013-2014) estimated that demand
for primary energy will increase globally by 55 percent
between 2005 and 2030. Additionally, in developing countries
where economies and population are expected to grow fast
and primary energy demand is projected to grow by 74
percent during the same period, fossil fuels are expected to
remain the dominant source of primary energy, accounting
for 85 percent of the overall increase in global demand [1]. But
the question is how long this unsustainable de facto situation
can continue.

It is observable that since the 1990s, the attempt to convert
production systems to clean production systems has not been
the aim of the companies alone, but this was started to

be implemented by joint operations between the industry,
government bodies, and the public [2]. In addition to be a
key criterion of the sustainable development stipulation, for
business and states/interstates, the integration of social and
ecological challenges by managing the data in an innovative
manner into decision-making process from the beginning is
of growing importance for minimizing future environmen-
tally related risk and sustainable associated economic costs
[3–5].

In this perspective, this research focuses on verification
and experimental comparison of the two possible data
mining options (and data mining itself) for new solar
energy investment decisions. In Section 2, we gave the basic
background in multivariate cluster analysis, including Self-
Organizing Map and 𝐾-Means with software tools for com-
parison. Additionally, we explained why these methods have
been chosen. Our data owing to the cities have been gathered
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Table 1: Data analysis task and techniques [6].

Data analysis techniques Data summarization Segmentation Classification Prediction Dependency analysis
Descriptive
and
visualization

∙ ∙ ∙

Correlation
analysis ∙

Cluster
analysis ∙

Discriminant
analysis ∙

Regression
analysis ∙ ∙

Neural networks ⨀ ⨀ ⨀

Case-based reasoning ∙

Decision
trees ∙ ∙

Association rules ∙

from governmental/special official statistics foundations via
mail and/or face to face conversations. In Section 3, we
commanded, compared, and discussed the graphics about
solar radiation and consumption values which are created
by Rapid Miner 5.1 and MATLAB. These programs have
been used for comparison of the results, respectively. In
Section 4, we summarized the results and we proposed
our suggestions about algorithms in pattern recognition for
validating the investment decision. As a result, in addition
to present new approach for assessment of the (future) solar
power investments, we will suggest the better algorithm and
software for decision-making and optimization process for
stakeholders.

2. Material and Methods

2.1. DataMining andClustering. Theobjective of datamining
(DM) is to identify valid novel, potentially useful, and
understandable correlations and patterns in existing data and
finding useful patterns in data is known by different names in
different communities [8, 9]. Chung and Gray and Liao and
Triantaphyllou gathered the recent updates of data mining
algorithms in different disciplines and diversified range of
applications [10, 11]. Also from the ecology point of view,
various successful studies were collected as examples of dif-
ferent applications [12].While many data mining tasks follow
a traditional, hypothesis-driven data analysis approach, it
is commonplace to employ an opportunistic, data-driven
approach that encourages the pattern detection algorithms
to find useful trends, patterns, and relationships [6]. In this
manner, as shown in Table 1, we decided the neural networks
as the best solution for our study since it is important from
the relationship point of view. Because of a modern analyzing
studies complication and hardness to confirm (or validate)
the results, it is better to use more than one method with the
same variable attributes.

The similar trilemma of energy/data/optimization has
been used to analyze clustering of 316 different European
regions according to their cultural background [13]. From the
other side, Seidler and Adderley used data mining approach
to develop a proactive approach against the criminal net-
works [14]. Additionally, Santillana et al. [15] present a
methodology mainly based on data mining and machine
learning techniques not only for observation but also for
estimation and evaluation of the influenza disease effects.

Clustering, as the main methodology of this study, is
simply division of data into groups of similar objects [8].
There are so many methods and algorithms to do that in
the literature. But, two different clustering algorithms are
chosen to investigate the data of this study and compare
their results: Self-OrganizingMaps and𝐾-Means algorithms.
Sobkowicz et al. (2012) [16], similar to us, used successfully
these algorithms for modeling, simulating, and forecasting of
the ideas in the web and social media.The general reasons for
selecting these two algorithms are their popularity, flexibility,
applicability, and handling high dimensionality [17].

Additionally, Figure 1 shows total electricity cost includ-
ing construction, production, and decommissioning for
renewal energy. Published in September 2014, the chart
shows that electricity from hydro power is already more cost
effective than electricity from other fuels. Even the price for
electricity fromwind power is becoming competitive in some
cases with that of natural gas and almost with that of coal-
generated energy. The price of power from solar panels is
still high, but the cost differences decrease day-by-daymainly
due to more efficient panels, mass production, and unstable
fossil fuel costs. Many studies indicate that the transition
cost of the energy system will be far less than the long term
cost for keeping on using the fossil fuels. Since the most
expensive energy is the still solar, the investment decision
must be analyzed very carefully from various perspectives. In
this study, we chose the solar energy values because it is the
widest one and simple to build nearly all around the world.
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Figure 1: Total electricity cost (source: International Renewable
Energy Agency, REthinking Energy: Towards a new power system,
2014) [7].

We used clustering for exposing the secret relationship
among consumption similarities of cities for making cost
effective investments. Therefore, it is expected to obtain new
neighborly relations thatwill be the base of the new renewable
source investments according to the new clustered structure.

2.2. Self-Organizing Maps. Self-Organizing Maps (SOM)
were presented in the beginning of the 1980s by Kohonen,
Finland academician. The main idea of SOM is to map the
data patterns onto an 𝑛-dimensional grid of units or neurons
[18] and it is usually used for mapping high-dimensional
data into one-, two-, or three-dimensional feature maps
(simple geometric relationships) to increase intelligibility [19,
20]. Additionally, the SOM is an adaptive display method
that is particularly suitable for the representation of struc-
tured/normalized statistical data. The mapping represents a
data set in an ordered form, whereby mutual similarities of
data samples will be visualized as geometric relations of the
images of the samples on the map [21]. SOM procedures are
used in a range of applications, but they are having a major
impact in the fields of data exploration and data mining [22].

Traditional multivariate statistical approaches are often
confused by data sets with variable relationships that are
nonlinear, by data distributions that are abnormal (typically
with multiple populations), and by the data sets themselves
that may be disparate, sparsely filled (contain “nulls”) with
both continuous and discontinuous numeric data and text
[23]. The SOM, ordered vector-quantization approach can
overcome many of these problematic issues [24] and due to
its layer-based structure effects of independent variables that
can be visible separately. Lately, Miche et al. [25] adapted also
SOM clustering a priori knowledge successfully in 5 different
examples.

2.3. K-Means Algorithm. The 𝐾-Means algorithm, one of
the mostly used and well-known clustering algorithms, is
classified as a partition or nonhierarchical clusteringmethod.
𝐾-Means is typically used with the Euclidean metric for

computing the distance between points and cluster centers
[26]. It quickly converges to a local minimum of its cost
function [27]. In 𝐾-Means, because the centers are being
connected to each other, the data in one- or two-dimension
reflection in space can be achieved [28]. Additionally, 𝐾-
Means was successfully used as a solution for accuracy
challenge in large-scale image classification as a part of hybrid
model that shows the adaptable structure of the algorithm
into different fields like another example [29] cited by Elssied
et al. [30] from soft computing perspective.

Briefly, the primary objective of applying 𝐾-Means is to
provide groups whose members are close (have high simi-
larity degree) and well separated. In the clustering process,
there are no predefined classes and no examples that would
show what kind of desirable relations should be valid among
the data, so it is natural to be asked about the validity and
quality of the results obtained [31]. At every step, the center
of each cluster is recalculated by using the average vector of
the objects (which are assigned to the same cluster) and every
object can just be situated in one cluster [32].

2.4. System Architecture. As mentioned in many studies,
focusing on just consumption values to analyze energy
challenge is not enough by itself. Other necessary influencing
factors should be cared for as well. In this manner, first
we grouped the cities in accordance with their electricity
consumption. Under consumption, we have seven different
variables. At least, we compared 81 cities with seven different
subtitles of total consumption (i.e., government, industry,
agriculture, city lighting, housing, trade, and others) and
we also took care of data between 2004 and 2014 (totally
5670 values). An example data set with the explanation is
presented in Appendix A. Our iteration coefficient to reach
the truer results is 1000 times.Weused SOMand𝐾-Means (as
a representative of the nonhierarchical methods) algorithms.
Because we want to see the sensitiveness of the algorithms
primarily with the limited data, we set the 𝑘 value of SOM
and 𝐾-Means equal and compared their performance when
𝑘 = 5. (We picked 5 according to first observable outputs of
randomly chosen data sets which were handled viaMATLAB
and Rapid Miner 5.1.)

Later, we normalized and clustered the data in SOM and
then 𝐾-Means with (first) both of the software programs:
MATLAB and Rapid Miner. There are more than one data
mining tool as R, WEKA, Orange, Rapid Miner, Tanagra,
KNIME, and so forth in addition to MATLAB which is
well known tool especially in engineering and mathematical
disciplines. We chose Rapid Miner as an alternative to
MATLABmainly because it is user friendly and withmodern
structure in ingredients for free. Rapid Miner also has the
most important connectors: databases, Excel, txt, html, CSV,
and so forth. In Rapid Miner, it is easy to use wizards for
setting up your data sources and a graphical environment for
processing data flows. Rapid Miner can use every algorithm
in the other programs and has very innovative pathways to
offer possible solutions andmistakes. AlthoughWEKA looks
the most successful data mining tool according to the study
of Borges et al. (2013) [33], they did not take Rapid Miner
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Figure 2: Clustering results.

as a candidate in their research. Generally Rapid Miner, R,
Weka, and KNIME have most of the desired characteristics
for a fully functional platform [34], but lastly Piatetsky [35]
presented that in 2013 RapidMiner was the mostly used open
source tool in real projects.

First of all, we manipulate our (prepared) data with
𝐾-Means and SOM in MATLAB. However, we reduce the
variables from seven to three to ensure especially duration
and stability in MATLAB. Reduced data can be visualized
in an easier way in two dimensions and it does not have
meaningful effect on the results in case of using one of
these methods: data aggregation, dimension reduction, data
compression, and discretization [36]. During reducing vari-
ables, we calculated the most effective inputs (with standard
variations) via principal component analysis method.

In this manner, Figure 2 shows the first clustering results
on the graph briefly. The algorithm that has been used in
MATLAB and the detailed results are also presented in
Appendix B.

Next, the same data were handled via Rapid Miner
5.1. in addition to MATLAB for comparison. The table in
Appendix C shows the clustering results separately according
to consumption values by𝐾-Means and SOM. From one per-
spective, it shows the relevance for investment requirements
and the clusters.

After observing the clusters of similarities according to
consumption (independent of geographical neighborhood),
we decided to find similarities of their solar power potential.
The detailed and sensitive data has been gathered from
national and local meteorology authorities in addition to
archives of Ministry of Energy. The summary of data and
algorithm forMATLAB that has been utilizedwith the results
are presented in Appendix D. Furthermore, the Rapid Miner
5.1. results for SOM and 𝐾-Means are in Appendix E.

These two data sets (solar radiation and consumption) are
suitable to compare for observing which algorithm is more
accurate and sensitive. In this manner, Figure 3 illustrates
clustering schema of the cities according to SOM. Based on
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Figure 3: The cities SOM neighbor weight distances (Rapid Miner
5.1).

the profiles of the clusters identified by the SOM, we could
say that SOM grouped the clusters successfully but not too
sensitively.The yellow part spreads out remarkable area. Dark
yellow and orange parts are represented with just a small area.
But still, five different groups can also be observed from the
spreading of the colors which has already been presentedwith
details in Appendix F.

Till now, we have analyzed which cities are similar to
each other from the point of electricity consumption and
potential solar power views and also which algorithm gives
better results. But for better decision support system (to serve
the other aim of the study) we should knowwhich city/cluster
will need more power in the future simultaneously. Accord-
ingly, we must know at least the increase of population and
the ratio of industrialization. For example, if a city has got its
own rich solar power potential but always loses its population
or goes back in the welfare indexes because of any reason, it
“strongly” means that for this city extra investment will not
be necessary.

Because 𝐾-Means can provide more sensitive results
versus SOM, from now on it has been decided to go on with
𝐾-Means via RapidMiner 5.1. In this context, Figure 4 shows
the clustering results according to population forecasting.The
cities are clustered according to their similarity in population
growth ratio and the results are visualized by color codes.The
data have been supplied from Turkish Statistical Institute and
can be found in detail inAppendix F. As seen, in every cluster,
it is possible to find a city from any geographical region.
So, it is possible to find “sister cities/regions” by focusing on
the reasons in further studies. Additionally, there have been
always some exceptions like megacities (Istanbul, Ankara,
and Izmir in our example) where their values are far from the
rest of the data and they can create separate research areas to
themselves.

Similarly, Figure 5 shows the clustering of cities with
color codes (and the numbers on the graph) in different way
according to their welfare indexes values. Their index values
have been provided byMinistry ofDevelopment and could be
found in Appendix G. The colors represent the cities and the
dimensions symbolize the index value. Smaller bubbles show
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more developed and bigger bubbles represent less developed
cities. It is easy to notice that there is really big difference
between the two extremes.

Therefore, it is possible to compare the results of cities’
future energy demand indicators with their consumption-
similarity neighborhood and their solar power neighborhood
clusters. Decision-makers can see the basic decision support
components in the integrity of a cluster.

3. Results and Discussion

As mentioned by World Bank and World Energy Council
in 2015 Energy Trilemma Index [37, 38], energy-efficiency
improvements have very positive developments in the field
but they are still slow. Today’s geopolitical as well as geoe-
conomic reality is dominated by urbanized areas, mainly
organized as cities. The sustainability of cities, in particular
megalopolises of over 10 million inhabitants, depends on
regional and global networks for their basic needs in food,
water, and energy. Security of supply and quality of life
strongly depend on the functioning of these networks. But the
present technology for producing electricity from renewable
resources is still more expensive than the conventional ones
despite technological development and various governmental
supports. So, it is important to take care of cities/regions
renewable richness not only by itself but also from different
wayswhich at least should include the population forecasting,
industry, agriculture and transformation rate and possibil-
ities, climate, and the consumption routines. For this aim,
both 𝐾-Means and SOM algorithms are suitable because of
their convenience for huge and small data set, large and
small number of clusters, and ideal and random data set
usage and also feasible for different software alternatives.
For nonoverlapping situations all the methods had good
performance.

In our study, both algorithmswere run with same data for
similar number of iterations. Our result shows that𝐾-Means
is more sensitive and easier to implement. Additionally, when
the 𝑘 becomes greater, the performance of SOM decreases
and when the data are not big enough,𝐾-Means creates more
successful outputs. In this context our findings are similar
with Mingoti and Lima (2006) [23] and Abbas (2008) [39].
Likewise, Shahapurkar and Sundareshan [40] presented the
results of application of the 𝐾-Means technique to data set
which has 798 observations in 6 dimensions. According to
their outcomes, 𝐾-Means clustering algorithm can provide
various advantages compared to the SOM in terms of point
density, accuracy, topology preservation, and computational
requirements. Also, de Castro Leão et al. [41] showed in their
study that at last 𝐾-Means can reach results as successful
as SOM but in faster and simple manner which is partly
similar with Bação et al. (2005) [42]. So, the paper shows
that it is also possible to reach meaningful solutions without
challenging huge amount of data via 𝐾-Means in a simple
way. Additionally, RapidMiner reachedmore sensitive results
against MATLAB about clustering and forecasting in this
paper with the same data.

Besides, we showed that data mining methods can be
used as a successful tool also in renewable energy investment
planning as many other areas. This study also illustrated in
an innovative way that data mining methods successfully
exposed the hidden relationship between the requirements
and assets simultaneously by covering welfare ratio and cities
energy requirements forecasting accordance to their growth
of population and development. For instance, if we focus on
the clusters in Figures 4 and 5, we realized that the cities that
are at the same cluster according to their population potential
often show the same welfare indexes line. On the other side,
for a specific city/region, one can find its solar energy power,
future need, and its welfare situation at one glance as a
whole. If we focus on one city where we need more electricity
in the future and have rich solar potential, it does not
mean that we should invest sun-based production facility for
sure. (Generally, the renewable resources are more suitable
for home-based usage than the industrial ones because of
their investment costs and own restrictions.) Briefly, the
intersection(s) of these can give glue for the (more) accurate
and efficient investment decisions.

4. Conclusion

In this paper, we have compared two clustering algorithms,
respectively, via two different software programs to see which
one is more successful under certain circumstances with
sufficient (limited) data for the usage in new renewable
energy investment decisions. In order to compare both
algorithms, we have utilized four different types of data:
electricity consumption, solar power potential, population
forecasting, and welfare indexes of the cities. Although both
software programs and algorithms are adequate enough
for the analysis, from the time, easiness, and workforce
perspectives, 𝐾-Means method and Rapid Miner tool have
demonstrated their competence. This can help especially the
social sciences researchers/decision-makers to check their
theories in an easier way.

Additionally, we presented a validation system for admin-
istrators both in government and in private sector of energy
management to keep track of the suitable areas of energy
investment according to different factors such as region, pop-
ulation, and welfare. Particularly visualizing and analyzing
the dynamics between the humanities and energy are inno-
vative.This will offer new ways to improve insight in creating
optimal strategies for sustainable smart energy systems.Thus,
administrators can decide which city/cluster needs more
energy and more importantly new energy investment. In
this way, for future studies other factors affecting the energy
consumption could be included formore specific results.This
can be a start point of studies about nonconventional and not
state centric but urban centric programming methods.

Appendix

A. Example Data Set (for 2004)

See Table 2.
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Table 2: Example data for electricity consumption in sectors for 2004.

City House Commercial Governmental Industry Agriculture Street lighting Others
Adana 27,7 12,3 3,2 44,2 1,9 3,4 7,2
Adiyaman 21,6 6,4 3,0 52,3 6,6 1,0 9,1
Afyonkarahisar 23,9 11,8 3,2 35,3 12,0 3,4 10,4
Ağri 50,2 8,8 12,0 5,7 0,0 7,0 16,2
Amasya 35,6 9,2 3,6 38,3 4,8 7,0 1,6
Ankara 33,6 22,3 15,1 24,7 1,7 2,2 0,4
Antalya 28,4 38,6 9,5 10,4 2,8 3,2 7,2
Artvin 29,9 15,1 9,2 42,0 0,0 3,6 0,2
Aydin 36,9 19,4 4,2 28,3 4,9 1,1 5,3
Balikesir 30,4 14,0 4,2 34,1 1,6 2,6 13,1
Bilecik 8,8 4,9 1,6 81,4 0,3 1,2 1,9
Bingöl 51,1 10,9 16,9 2,1 0,1 9,2 9,7
Bitlis 40,6 10,9 8,1 5,1 3,9 14,3 17,0
Bolu 16,6 17,0 3,6 51,5 0,3 3,1 7,8
Burdur 12,2 6,4 2,0 73,2 3,3 2,0 1,0
Bursa 17,3 10,5 1,8 65,5 0,6 1,0 3,3
Çanakkale 10,8 5,3 1,8 76,1 1,0 1,5 3,4
Çankiri 32,0 12,0 9,3 38,0 0,8 6,5 1,3
Çorum 30,7 11,6 3,2 41,7 2,2 4,3 6,3
Denizli 18,9 10,5 2,5 59,0 2,2 1,3 5,5
Diyarbakir 36,2 12,8 13,7 14,3 6,6 2,5 13,9
Edirne 26,1 12,5 4,2 34,0 10,4 2,8 10,0
Elaziğ 25,9 7,4 28,1 23,4 7,5 2,4 5,3
Erzincan 40,5 14,7 10,2 8,0 5,5 5,7 15,2
Erzurum 38,6 13,7 18,4 19,2 0,5 6,7 2,9
Eskişehir 21,9 10,0 6,3 47,0 5,0 2,8 6,9
Gaziantep 17,5 8,8 1,4 61,3 2,3 2,9 5,8
Giresun 51,3 13,3 5,8 14,9 0,0 9,5 5,1
Gümüşhane 51,0 14,6 9,1 5,2 1,5 10,3 8,3
Hakkari 33,5 7,3 22,9 0,4 0,0 30,8 5,1
Hatay 13,7 5,3 2,1 70,7 4,1 1,4 2,7
Isparta 19,4 3,8 7,3 61,0 4,8 2,0 1,7
Mersin 30,8 14,0 6,4 36,4 2,9 3,9 5,5
Istanbul 34,3 28,4 3,2 29,0 0,0 1,5 3,5
Izmir 20,1 9,9 2,7 58,9 2,1 2,4 3,9
Kars 27,1 9,9 9,3 22,7 0,1 10,5 20,4
Kastamonu 32,0 12,9 6,9 43,0 0,6 3,6 1,0
Kayseri 22,4 10,5 1,3 54,1 3,2 2,8 5,7
Kirklareli 12,1 5,0 1,5 74,1 0,1 0,9 6,2
Kirşehir 29,2 10,0 10,1 39,4 4,2 5,9 1,1
Kocaeli 8,6 6,6 1,8 81,7 0,0 0,7 0,6
Konya 17,4 8,8 4,5 47,8 16,9 2,5 2,1
Kütahya 24,0 10,9 3,6 52,9 0,3 3,5 4,7
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Table 2: Continued.

City House Commercial Governmental Industry Agriculture Street lighting Others
Malatya 27,4 12,8 7,6 36,6 6,9 5,9 2,8
Manisa 23,7 8,7 3,1 45,6 9,2 2,7 7,0
K. maraş 13,5 5,2 1,5 69,8 2,2 1,8 6,0
Mardin 14,3 5,5 7,6 27,8 23,0 5,4 16,4
Muğla 30,7 32,7 5,2 8,9 1,4 2,1 19,0
Muş 38,3 11,0 24,2 5,5 0,2 14,8 5,9
Nevşehir 21,7 13,3 8,2 21,3 28,5 5,8 1,3
Niğde 15,1 5,2 7,5 45,1 23,9 2,2 1,1
Ordu 39,3 11,4 4,2 33,0 0,0 8,4 3,6
Rize 34,8 13,1 5,0 39,7 0,0 4,8 2,6
Sakarya 23,6 14,6 3,2 47,8 0,3 2,9 7,6
Samsun 32,6 11,7 5,0 41,0 2,3 3,9 3,5
Siirt 21,9 7,0 10,0 50,7 0,5 6,9 3,0
Sinop 45,9 14,7 6,1 20,3 1,1 8,3 3,7
Sivas 24,3 8,5 5,8 49,7 1,8 5,7 4,2
Tekirdağ 10,0 4,0 0,9 78,6 0,1 0,8 5,7
Tokat 37,3 11,9 5,0 30,0 1,7 6,0 8,1
Trabzon 44,2 16,9 5,4 18,9 0,1 6,1 8,4
Tunceli 38,4 9,9 27,1 4,7 0,1 9,7 10,0
Ş. urfa 30,2 8,9 3,4 17,8 23,0 2,8 13,8
Uşak 17,5 9,4 1,6 62,6 1,4 2,0 5,5
Van 41,0 16,9 9,4 12,4 0,1 6,6 13,6
Yozgat 29,3 10,6 3,5 28,9 11,0 7,2 9,5
Zonguldak 13,7 3,6 2,9 76,2 0,0 2,2 1,4
Aksaray 26,1 10,5 6,0 21,8 29,7 5,0 0,8
Bayburt 52,7 13,8 7,8 11,9 0,9 8,7 4,2
Karaman 18,8 7,0 5,4 33,1 30,8 2,9 2,0
Kirikkale 25,5 9,2 4,1 49,8 0,7 4,1 6,5
Batman 28,6 11,0 5,3 33,0 2,5 8,6 11,0
Şirnak 37,6 9,7 20,4 3,4 2,1 0,7 26,0
Bartin 41,2 13,7 13,5 26,6 0,1 5,0 0,0
Ardahan 50,7 17,4 16,0 0,4 0,0 9,2 6,3
Iğdir 47,8 14,2 18,4 6,7 0,0 10,4 2,5
Yalova 20,4 11,4 5,1 60,0 0,3 0,4 2,2
Karabük 19,6 5,5 2,4 69,3 0,1 2,3 0,7
Kilis 41,0 9,8 10,2 16,7 7,4 5,6 9,3
Osmaniye 27,7 10,3 6,2 47,3 2,0 1,8 4,7
Düzce 26,1 11,5 6,5 47,0 0,0 3,8 5,2

Total 24,4 14,8 4,5 46,2 2,9 2,5 4,7
As an example data set for one year, our data goes back for ten years for 81 cities. The subtitles under consumption include the following:
(i) House: the electricity usage in ordinary homes by ordinary citizens.
(ii) Commercial: the consumption in commercial buildings like supermarkets, small enterprises, trade centers, and so forth.
(iii) Governmental: the consumption in all governmental buildings and facilities like ministries, schools, courts, public parks and universities, and so forth.
(iv) Industry: energy consumption by industry representing the usage in industrial buildings as factories and any kind of production facilities.
(v) Agriculture: the consumption especially in fields or greenhouse facilities for irrigation, spraying, pruning or planting, and so forth.
(vi) Street lighting: the electricity consumption for lighting the streets and roads during nights.
(vii) Others: the amount of illegal usage of electricity.
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B. Clustering Algorithm for
MATLAB and Results

The Algorithm

[D,txt] = xlsread('inputs.xls');
%idx som will give the group indices of each element
for som clustering
[idx som s] = som clust(D, 'maxclust', 5, [10 10]);
idx som
%IDX kmeans will contain the group numbers of
cities
%group centers will contain the group averages
[IDX kmeans, group centers] = KMEANS(D', 5);
figure;bar(hist(IDX kmeans));title('𝑘-
meansclustering histogram');
IDX kmeans
Cities list = txt(3:end,1);
xlswrite('output som.xls'cities list, 81, 'A1:A81');
xlswrite('output som.xls', idx som, 81, 'B1:B81');
xlswrite('output kmeans.xls', cities list, 81, 'A1:A81');
xlswrite('output kmeans.xls',
IDX kmeans, 81, 'B1:B81');

Results
Cluster 1 Cities. “İstanbul”
Cluster 2 Cities. “Adana”, “Denizli”, “Gaziantep”, “Hatay”,
“Kayseri”, “Konya”, “Manisa”, “Mersin”, “Tekirdağ”,
“Zonguldak”, “Çanakkale”.
Cluster 3 Cities. “Bursa”, “Kocaeli”, “İzmir”
Cluster 4 Cities. “Adıyaman”, “Aksaray”, “Amasya”, “Artvin”,
“Aydın”, “Balıkesir”, “Batman”, “Bayburt”, “Bolu”, “Burdur”,
“Bilecik”, “Bingöl”, “Bitlis”, “Düzce”, “Diyarbakır”, “Edirne”,
“Elazığ”, “Erzurum”, “Erzincan”, “Eskişehir”, “Gümüşhane”,
“Giresun”, “Isparta”, “Iğdır”, “Karabük”, “Karaman”,
“Kars”, “Kastamonu”, “Kırıkkale”, “Kırklareli”, “Kırşehir”,
“Kütahya”, “Kilis”, “Malatya”, “Mardin”, “Muğla”, “Muş”,
“Nevşehir”, “Niğde”, “Osmaniye”, “Sakarya”, “Samsun”,
“Sinop”, “Sivas”, “Siirt”, “Tokat”, “Trabzon”, “Tunceli”,
“Uşak”, “Van”, “Yalova”, “Yozgat”, “Çankırı”, “Çorum”,
“Şırnak”

Cluster 5 Cities. “Ankara”, “Antalya”

C. Clustering via Rapid Miner and Results

See Table 3.

D. Clustering Results according to Solar Power
Potential with Algorithm for MATLAB

See Table 4.

[num,txt,raw] = xlsread('SSAPMA.xls','SSAPMAS');
cities = txt(3:end,1);
[idx,c] = kmeans(num,5);
for kume = 1:5
disp('=================='),disp(['Category
' num2str(cluster)])
disp('==================')
disp(sehirler(idx==cluster))
disp(['Center of cluster = ' num2str(c(cluster))])
end

Results

Category 1 (center of cluster = 2.54 (the median point of the
values in the same cluster)). “Agri”, “Ankara”, “Aydin”, “Bali-
kesir”, “Bartin”, “Bilecik”, “Bolu”, “Burdur”, “Bursa”, “Can-
kiri”, “Corum” “Denizli”, “Duzce”, “Erzincan”, “Gaziantep”,
“Karabuk”, “Kastamonu”, “Kilis”, “Kirikkale”, “Kocaeli”,
“Kutahya”, “Mugla”, “Osmaniye”, “Sakarya”, “Usak”,
“Zonguldak”

Category 2 (center of cluster = 1.7922). “Ardahan”, “Artvin”,
“Rize”, “Trabzon”

Category 3 (center of cluster = 2.6791). “Adana”, “Afyonkara-
hisar”, “Bingol”, “Canakkale”, “Eskisehir”, “Isparta”, “Izmir”,
“Karaman”, “Kirsehir” “Konya”, “Manisa”, “Nigde”, “Sivas”,
“Yalova”, “Yozgat”

Category 4 (center of cluster= 2.8492). “Adiyaman”, “Aksa-
ray”, “Batman”, “Bitlis”, “Diyarbakir”, “Edirne”, “Elazig”,
“Istanbul”, “Kahramanmaras”, “Kayseri”, “Kirklareli”, “Mala-
tya”, “Mardin”, “Mus”, “Nevsehir”, “Sanliurfa” “Siirt”, “Sir-
nak”, “Tekirdag” “Tunceli”

Category 5 (center of cluster = 2.27). “Amasya”, “Antalya”,
“Bayburt”, “Erzurum”, “Giresun”, “Gumushane”, “Hakkari”,
“Hatay”, “Igdir”, “Kars”, “Mersin”, “Ordu”, “Samsun”,
“Sinop”, “Tokat”, “Van”

E. Clustering Results according to
Solar Power Potential with Rapid
Miner (by 𝐾-means and SOM)

See Table 5.

F. Population and Population Forecasting of
the Cities

See Table 6.

G. Welfare Indexes

See Table 7.
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Table 4

City Sta. deviation
(radiation time) City Sta. deviation

(radiation time)
Adana 2,690296818 Kars 2,376578277
Adıyaman 2,850568535 Kastamonu 2,505402357
Afyonkarahısar 2,652801847 Kayserı 2,819897555
Agrı 2,531419233 Kılıs 2,441220522
Aksaray 2,793338678 Kırıkkale 2,590015551
Amasya 2,348400165 Kırklarelı 3,134691527
Ankara 2,575261583 Kırsehır 2,712404632
Antalya 2,362896038 Kocaelı 2,569262081
Ardahan 1,898816883 Konya 2,710960649
Artvın 1,667970115 Kutahya 2,54169071
Aydın 2,575892914 Malatya 2,835966791
Balıkesır 2,573129849 Manısa 2,631594758
Bartın 2,600760973 Mardın 2,976130971
Batman 2,902839127 Mersın 2,352446717
Bayburt 2,221639785 Mugla 2,474877522
Bılecık 2,559909938 Mus 2,781276186
Bıngol 2,74762966 Nevsehır 2,80581935
Bıtlıs 2,790823753 Nıgde 2,761498562
Bolu 2,513181361 Ordu 2,099196109
Burdur 2,562343762 Osmanıye 2,601296018
Bursa 2,56136506 Rıze 1,754007317
Canakkale 2,746524572 Sakarya 2,537168561
Cankırı 2,464731223 Samsun 2,156772763
Corum 2,476598249 Sanlıurfa 2,792549114
Denızlı 2,553234332 Sıırt 2,811756017
Dıyarbakır 2,883200864 Sınop 2,30354437
Duzce 2,539263208 Sırnak 2,823885719
Edırne 2,797553867 Sıvas 2,625525344
Elazıg 2,864982548 Tekırdag 2,950707425
Erzıncan 2,534056229 Tokat 2,370434061
Erzurum 2,375284194 Trabzon 1,848153733
Eskısehır 2,663166974 Tuncelı 2,79146219
Gazıantep 2,567747067 Usak 2,522644115
Gıresun 2,102217579 Van 2,347192768
Gumushane 2,256866682 Yalova 2,639856372
Hakkarı 2,140370392 Yozgat 2,673903072
Hatay 2,163409571 Zonguldak 2,56165135
Igdır 2,342966276 Kahramanmaras 2,790663377
Isparta 2,615078074 Karabuk 2,505135143
Istanbul 2,785876458 Karaman 2,639941471
Izmır 2,674965213
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Table 6: Population and population forecasting.

City 2010 2013 2018 City 2010 2013 2018
Adana 2.053.465 2.088.667 2.132.063 Manisa 1.342.281 1.379.025 1.435.691
Adıyaman 586.015 585.186 576.566 K. Maraş 1.070.647 1.131.705 1.230.314
Afyon 699.435 699.222 690.944 Mardin 761.087 775.180 792.768
Ağrı 529.263 522.044 502.477 Muğla 824.009 872.597 952.629
Amasya 321.808 317.933 308.935 Muş 386.845 358.135 303.076
Ankara 4.686.009 4.885.314 5.200.437 Nevşehir 284.083 287.204 291.079
Antalya 1.960.779 2.112.823 2.364.692 Niğde 350.013 366.502 391.436
Artvin 162.654 156.276 144.708 Ordu 721.843 723.376 720.102
Aydın 995.256 1.039.498 1.111.880 Rize 320.057 320.372 319.334
Balıkesir 1.151.826 1.182.196 1.227.914 Sakarya 874.881 908.937 962.535
Bilecik 193.516 193.554 192.431 Samsun 1.243.063 1.254.323 1.266.147
Bingöl 262.113 271.191 285.864 Siirt 317.155 344.970 395.875
Bitlis 323.902 317.820 303.224 Sinop 202.463 204.724 207.404
Bolu 268.277 266.087 259.305 Sivas 620.350 599.974 555.460
Burdur 246.624 244.404 238.345 Tekirdağ 834.868 932.255 1.097.284
Bursa 2.629.919 2.813.935 3.122.382 Tokat 619.250 619.802 613.781
Çanakkale 480.358 488.070 499.377 Trabzon 751.839 754.895 756.547
Çankırı 178.941 182.606 187.140 Tunceli 87.764 89.706 92.700
Çorum 536.874 521.868 491.257 Şanlıurfa 1.630.731 1.716.085 1.856.962
Denizli 934.733 958.709 994.970 Uşak 334.720 334.453 331.276
Diyarbakır 1.531.760 1.587.863 1.670.933 Van 1.051.872 1.125.180 1.250.414
Edirne 393.537 391.225 385.850 Yozgat 464.120 430.652 366.183
Elazığ 548.206 547.831 543.067 Zonguldak 620.069 620.198 616.773
Erzincan 210.123 208.845 205.292 Aksaray 378.316 388.990 404.248
Erzurum 744.843 694.706 597.331 Bayburt 72.809 68.106 59.193
Eskişehir 768.363 807.893 871.942 Karaman 236.899 246.889 263.218
Gaziantep 1.673.920 1.763.230 1.900.432 Kırıkkale 272.884 261.793 239.463
Giresun 425.732 430.608 436.138 Batman 506.690 539.309 595.643
Gümüşhane 133.805 137.039 141.200 Şırnak 458.158 504.989 591.400
Hakkâri 280.518 314.949 375.488 Bartın 190.357 197.658 209.303
Hatay 1.449.059 1.500.126 1.578.655 Ardahan 107.690 100.441 87.273
Isparta 412.916 419.760 427.768 Iğdır 182.881 180.291 173.562
Mersin 1.626.691 1.659.526 1.705.843 Yalova 220.737 256.136 315.925
İstanbul 13.050.933 13.571.135 14.407.233 Karabük 216.389 216.172 214.829
İzmir 3.900.770 4.055.605 4.304.649 Kilis 124.843 130.407 138.891
Kars 302.562 286.295 253.943 Osmaniye 480.250 518.737 541.319
Kastamonu 361.138 361.121 358.235 Düzce 337.201 349.642 369.165
Kayseri 1.217.110 1.264.676 1.339.823 Kütahya 556.534 539.844 505.554
Kırklareli 337.576 338.173 338.349 Malatya 739.902 748.731 761.343
Kırşehir 220.861 217.098 208.230
Kocaeli 1.573.424 1.699.004 1.908.939
Konya 2.004.743 2.050.921 2.111.845
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Table 7: Welfare indexes.

Rank First term (1990–1994) Rank Second term (1995–2010)
City Index value Rank City Index value City Index value Rank City Index value

1 İstanbul 4,270 41 Artvin −,278 1 İstanbul 4,465 41 Kütahya −,079

2 İzmir 2,689 42 Afyon −,309 2 İzmir 2,549 42 Kastamonu −,115

3 Ankara 2,441 43 Kastamonu −,310 3 Ankara 2,477 43 Karaman −,117

4 Bursa 1,577 44 Giresun −,327 4 Bursa 1,651 44 Malatya −,150

5 Kocaeli 1,574 45 Çorum −,358 5 Kocaeli 1,355 45 Giresun −,172

6 Adana 1,088 46 Sivas −,434 6 Eskişehir 1,163 46 Niğde −,177

7 Tekirdağ 1,070 47 Ordu −,441 7 Adana 1,127 47 Afyon −,183

8 Antalya 1,028 48 Niğde −,450 8 Tekirdağ 1,077 48 Çorum −,242

9 Eskişehir ,969 49 Aksaray −,468 9 Antalya 1,068 49 K. Maraş −,274

10 Balıkesir ,901 50 K. Maraş −,469 10 Muğla ,915 50 Osmaniye −,308

11 İçel ,863 51 Erzincan −,473 11 Balıkesir ,912 51 Bartın −,334

12 Aydın ,784 52 Çankırı −,506 12 Kırklareli ,760 52 Sivas −,396

13 Muğla ,742 53 Diyarbakır −,532 13 Edirne ,721 53 Sinop −,397

14 Kırklareli ,660 54 Sinop −,540 14 Denizli ,719 54 Aksaray −,402

15 Çanakkale ,606 55 Tokat −,547 15 Çanakkale ,717 55 Çankırı −,427

16 Konya ,590 56 Yozgat −,656 16 Konya ,712 56 Tokat −,439

17 Denizli ,561 57 Erzurum −,679 17 Aydın ,644 57 Tunceli −,439

18 Manisa ,559 58 Şanlıurfa −,753 18 İçel ,599 58 Erzincan −,468

19 Kayseri ,553 59 Adıyaman −,849 19 Yalova ,580 59 Ordu −,471

20 Edirne ,492 60 Tunceli −,859 20 Manisa ,518 60 Yozgat −,519

21 Bilecil ,404 61 Gümüşhane −,904 21 Zonguldak ,483 61 Erzurum −,639

22 Isparta ,394 62 Bayburt −1,023 22 Kayseri ,397 62 Gümüşhane −,709

23 Zonguldak ,338 63 Batman −1,048 23 Hatay ,389 63 Diyarbakır −,743

24 Sakarya ,337 64 Kars −1,062 24 Sakarya ,371 64 Kilis −,748

25 Hatay ,328 65 Siirt −1,084 25 Bilecik ,368 65 Şanlıurfa −,834

26 Bolu ,198 66 Mardin −1,094 26 Bolu ,347 66 Adıyaman −,919

27 Kırıkkale ,190 67 Van −1,179 27 Samsun ,342 67 Bayburt −1,017

28 Burdur ,168 68 Hakkâri −1,242 28 Isparta ,329 68 Kars −1,083

29 Samsun ,139 69 Bingöl −1,293 29 Burdur ,295 69 Iğdır −1,093

30 Uşak ,108 70 Bitlis −1,340 30 Kırıkkale ,172 70 Ardahan −1,157

31 Elazığ ,057 71 Şırnak −1,356 31 Uşak ,159 71 Mardin −1,163

32 Trabzon −,004 72 Ağrı −1,553 32 Trabzon ,142 72 Batman −1,166

33 Nevşehir −,006 73 Muş −1,566 33 Rize ,111 73 Bingöl −1,230

34 Rize −,051 34 Karabük ,110 74 Siirt −1,245

35 Kütahya −,058 35 Nevşehir ,078 75 Van −1,312

36 Kırşehir −,096 36 Amasya ,038 76 Bitlis −1,439

37 Malatya −,104 37 Artvin ,013 77 Muş −1,483

38 Gaziantep −,118 38 Elazığ ,011 78 Şırnak −1,542

39 Amasya −,119 39 Gaziantep ,006 79 Ağrı −1,465

40 Karaman −,141 40 Kırşehir −,034 80 Hakkâri −1,659
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In order to extract the maximum power from PV system, the maximum power point tracking (MPPT) technology has always
been applied in PV system. At present, various MPPT control methods have been presented. The perturb and observe (P&O) and
conductance increment methods are the most popular and widely used under the constant irradiance. However, these methods
exhibit fluctuations among the maximum power point (MPP). In addition, the changes of the environmental parameters, such as
cloud cover, plant shelter, and the building block, will lead to the radiation change and then have a direct effect on the location of
MPP. In this paper, a feasibleMPPTmethod is proposed to adapt to the variation of the irradiance.This work applies the glowworm
swarm optimization (GSO) algorithm to determine the optimal value of a reference voltage in the PV system. The performance
of the proposed GSO algorithm is evaluated by comparing it with the conventional P&O method in terms of tracking speed and
accuracy by utilizing MATLAB/SIMULINK.The simulation results demonstrate that the tracking capability of the GSO algorithm
is superior to that of the traditional P&O algorithm, particularly under low radiance and sudden mutation irradiance conditions.

1. Introduction

In the past few decades, the world’s energy demand has
risen steadily with the growth of the population and the
change in people’s lifestyles. However, traditional fuels are
limited, and environmental conditions worsen on a daily
basis.These conditions urge people to seek renewable energy.
Solar energy is a promising renewable energy because of its
various advantages, such as limitlessness, zero production of
pollution and noise, and good reliability. Hence, photovoltaic
(PV) power systems have gained increasing attention from
governments and researchers in various countries. Global
PV power technology has developed rapidly because of
government support. However, two major defects hinder
its development: the high installation cost of the system
and its low photoelectric conversion efficiency at 9%–17%
[1]. Improving the maximum power tracking technology to
extract the highest amount of power from PV systems is one
of the most practical methods to address this problem.

The basic concept of maximum power point tracking
(MPPT) is to adjust the operating point of a converter up to
themaximum in real time such that the system can constantly

operate at the maximum power point (MPP). In this way,
MPPT improves conversion efficiency and reduces power
loss. However, the MPP changes with the variable external
environment, thereby further complicating the maximum
power tracking problem [2].

In recent years, many MPPT control methods have
been proposed. A detailed description and classification of
numerous MPPT techniques are made by Subudhi and
Pradhan [3]. Among these methods, the most commonly
used approaches are perturb and observe (P&O) [4–6] and
incremental conductance (IncCon) [7–9]. A traditional P&O
algorithm does not need to understand the characteristics
of a PV system. Thus, this algorithm is simple and easy
to develop. It works by imposing a fixed step perturbation
on a reference voltage or current, measuring the output
power of the PV system, and comparing the values before
and after disturbance to determine the direction of the
disturbance for the next step. If PV power increases, then the
direction of the disturbance is the same as that in the last
step (i.e., the system is moving toward the MPP); otherwise,
the direction is reversed [4]. Despite the simple structure
of the P&O algorithm, the fluctuation among the MPP is
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inevitable. In the selection of the tracking step, it is difficult
to take account of both tracking precision and response
speed. In some instances, the P&O algorithm generates an
erroneous direction when a sudden change in irradiance
occurs. By contrast, the incremental conductance method is
used to determine the disturbance of a control parameter
by comparing incremental conductance with instantaneous
conductance. The tracking performances of four conven-
tional methods including the constant voltage method, the
IncCon method, the P&O method, and the variable step
size perturb and observe are compared under fixed solar
insolation by Mohanty et al. [9]. The results show that the
proportion of the respond time between the IncCon method
and the P&O method is about 1 : 2. However, the IncCon
method has the same limitation as the P&O algorithm. To
overcome these disadvantages, many researchers explored a
new direction for MPPT control, which combines artificial
intelligence and evolutionary computation techniques [2].
The main methods for MPPT control are artificial neural
networks (ANN) [2, 10, 11] and fuzzy logic control (FLC)
[12, 13]. AMPPT technique based on the ANNmethodwhich
is compared with the traditional P&O algorithm is proposed
by Rezk and Hasaneen [11]. The simulation results show that
the tracking speed of the proposed method is faster than the
traditional P&O.The proportion of the respond time is about
3 : 7 at high radiation change rate. The comparison between
the advanced methods (FLC) and the conventional methods
(P&O) is presented by Bendib et al. [13]. The simulation
results show the performance of the FLCbasedmethod is bet-
ter than the conventional methods, and the proportion of the
respond time between them is about 4 : 15.These methods do
not require an accurate mathematical model. However, they
entail training a large amount of data; hence, the calculation
is complex, and a large storage space is necessary. In addition,
most of the MPPT methods require the expensive current
sensor, which increases the inherent cost of the PV system.
In order to reduce costs, many MPPT technologies without
the current sensor have been proposed over the last decade.
A review and summary of some main current sensorless
MPPT technologies are made by Samrat et al. [14]. With the
development of bionic algorithms, more and more scholars
focused on these algorithms, such as genetic algorithms,
artificial bee colony algorithm (ABC), and particle swarm
optimization algorithms [15]. Many scholars have employed
these bioinspired algorithms for the MPPT of PV systems
[16–19].

Glowworm swarm optimization (GSO), which is a new
type of bioinspired algorithm, shows superior performance
in dealing with nonlinear problems, although this approach
has yet to be applied in PV systems. In this work, the GSO
algorithm is used to track the MPP of a PV system. To eval-
uate the performance of the algorithm, the proposed GSO-
based MPPT method is implemented on a boost converter,
and its performance is compared with that of the traditional
P&O algorithm.

The information on the PV and boost converter is
presented in Section 2. The proposed algorithm is discussed
in Section 3. The simulation of MPPT using SIMULINK and
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Figure 1: Equivalent circuit of a PV cell.

a discussion of the results are shown in Section 4. Finally, the
conclusion is presented in Section 5.

2. PV and Boost Converter Model

2.1. PV Equivalent Circuit Model. A PV module is used to
convert sunlight into direct current and thus facilitates the
conversion of light energy to electric energy. A PV-based
system can be independently used for streetlights, water
pumps, and grid connected systems [20].

The typical equivalent circuit model of a PV cell is a single
diode (Figure 1), which consists of a photo current, a diode, a
series resistor, and a parallel shunt resistor.

Based on Kirchhoff ’s current law, themathematical equa-
tion for the output current of an ideal cell is given by

𝐼 = 𝐼ph − 𝐼𝑑 − 𝐼sh, (1)

where 𝐼sh is the parallel resistance current and 𝐼ph is the light-
generated current, which is proportional to the intensity of
light. It can be calculated by

𝐼ph = [𝐼sc + 𝐾𝐼 (𝑇𝑐 − 𝑇𝑟)] ⋅ 𝐺, (2)

where 𝐼sc is the short-circuit current at STC (𝑇 = 25
∘C, 𝑆 =

1000W/m2) and 𝐾𝐼 is the short-circuit current temperature
coefficient of the cell.𝑇𝑐 and𝑇𝑟 are the operating temperature
of the cell and the reference temperature, respectively.𝐺 is the
relative irradiance coefficient, which is calculated by 𝑆/1000
(𝐺 = 1 under nominal condition).

𝐼𝑑 is the diode current, which, according to the Shockley
equation, is given by

𝐼𝑑 = 𝐼𝑂 [exp(
𝑞𝑈𝑑

𝐴𝑘𝑇𝑐

) − 1] , (3)

where 𝑞 is the electronic charge (𝑞 = 1.6 × 10
−19), 𝑘 is

Boltzmann’s constant (𝑘 = 1.38 × 10−23), 𝐴 is the ideal factor
of the diode, 𝐼𝑂 is the reverse saturation current of the diode,
and 𝑈𝑑 is the voltage of the equivalent diode. According to
Kirchhoff ’s voltage law, 𝑈𝑑 is given by

𝑈𝑑 = 𝑈 + 𝐼𝑅𝑠, (4)

where 𝑅𝑠 is the series resistance.
The voltage and current generated by a single PV cell are

very low. Thus, PV cells are usually connected in series and
parallel to achieve the desired power. A PVmodule is usually
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Table 1: Parameters of the PV module type CS6X-305P.

Parameter Value
Maximum power (𝑃max) 305W
Open-circuit voltage (𝑈oc) 44.8 V
Short-circuit current (𝐼sc) 8.97A
Number of cells (𝑁𝑠) 72
Ideal factor (𝐴) 1.3

connected in series by batteries, and the series number is
generally 26, 36, 54, or 72.

The output current equation of the PVmodule is given by

𝐼 = 𝐼ph − 𝐼𝑂 [exp(
𝑞 (𝑈 + 𝐼 ⋅ 𝑅𝑠)

𝐴𝑘𝑇𝑐𝑁𝑠

) − 1]

−
(𝑈 + 𝐼 ⋅ 𝑅𝑠)

𝑅𝑝

,

(5)

where𝑁𝑠 is the number of series resistance cells and 𝑅𝑝 is the
parallel resistance, which is very high that its current can be
neglected [14]. Equation (5) can be simplified as

𝐼 = 𝐼ph − 𝐼𝑂 [exp(
𝑞 (𝑈 + 𝐼 ⋅ 𝑅𝑠)

𝐴𝑘𝑇𝑐𝑁𝑠

) − 1] , (6)

where 𝐼𝑂 varies with the change in temperature and is given
by

𝐼𝑂 = 𝐼ro (
𝑇𝑐

𝑇𝑟

)

3

exp[
𝑞𝐸𝑔 (1/𝑇𝑟 − 1/𝑇𝑐)

𝐴𝑘
] , (7)

where 𝐸𝑔 is the band gap energy of the semiconductor and
𝐼ro is the saturation current of the diode at 25∘C, which is
calculated by

𝐼ro =
𝐼sc

[exp (𝑞𝑈oc/𝐴𝑘𝑇𝑟𝑁𝑠) − 1]
, (8)

where𝑈oc is the open-circuit voltage of the PVmodule at STC
(𝑇 = 25

∘C, 𝑆 = 1000W/m2).

2.2. Simulation of the PV Module. According to the mathe-
matical model of the PV module, output power depends on
two factors, namely, irradiance and temperature. The present
work focuses on the influence of irradiance (assuming that
the temperature is 25∘C). The parameters of the PV module
type CS6X-305P used in the simulation are listed in Table 1.
The module is composed of 72 solar cells connected in series
to achieve a maximum power output of 305W.

The simulation of the considered PV under variable
irradiance via SIMULINK is illustrated in Figure 2.

Figures 3 and 4 present the current-voltage (I-V) char-
acteristic and power-voltage (P-V) characteristic of the PV
module, respectively. The maximum power of the PV is
achieved at the extreme point of the P-V curve, which is
known as the MPP. The maximum power and short-circuit
current increase with irradiance.
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Figure 2: PV module with radiance variation.
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Figure 3: I-V characteristic of the PV module under different
radiances.

2.3. Boost Converter and Its Simulation. Generally, MPPT is
used to track theMPPs of PV systems.The efficiency ofMPPT
mainly depends on the MPPT control algorithm and MPPT
circuit. The MPPT circuit usually uses a DC-DC converter
[21]. In the present work, a boost converter is used for MPPT
to adjust the operating voltage by changing the duty cycle of
the switch. The voltage gain of the converter is calculated by

𝐺𝑛 =
𝑈out
𝑈in

=
1

1 − 𝐷
, (9)

where𝐷 is the duty cycle of the switch.
Figure 5 shows the subsystem of the boost converter

in SIMULINK. Figure 6 indicates that the converter is
connected to the PVmodule.The input of the boost converter
is the output of the PV module. The simulation results of the
system at constant 𝐷 and variable 𝐷 are shown in Figures 7
and 8, respectively.
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Figure 4: P-V characteristic of the PV module under different
radiances.

Figure 7 illustrates the output current and voltage of
the boost converter at constant 𝐷 (𝐷 = 0.34). Figure 8
demonstrates the influence of different input duty cycles on
the output power of a PV system.The figure indicates that an
optimal duty cycle allows the PV system to function at the
MPP.

3. Glowworm Swarm Optimization

The GSO algorithm, which is a new type of stochastic and
metaheuristic optimization algorithm, was first proposed by
Indian scholars [22]. GSO uses a swarm of glowworms as
its agents, which are regarded as the potential solutions to
a problem. The fitness of optimality is measured by the
objective function defined by users. In the present work,
GSO is adopted to generate an optimal reference voltage
that varies with radiance to extract the maximum power
from the PV module. GSO is an optimization method that
is easy to implement with a rapid convergence speed and few
parameters to adjust.

3.1. Description of the Algorithm. TheGSO algorithm is based
on glowworms, each of which is considered a potential
solution to the given objective problem. In the first iteration,
a swarm of glowworms is randomly distributed in a search
space with an initial luciferin value, which determines the
brightness of the glowworms.The luciferin is updated accord-
ing to the objective function value at the current position of
the glowworm. Each glowworm, which has its own decision
radius 0 < 𝑟

𝑖

𝑑
< 𝑟𝑠 (𝑟𝑠 is the largest sensing radius of

glowworms), seeks a bright individual with high luciferin in
its local-decision range and moves toward such individual.
After such move, the decision radius of this glowworm is
updated according to the number of optimal individuals in

a decision radius. Finally, most of the glowworms gather at
the peak point after several iterations. Each iteration consists
of a luciferin-update phase, a movement phase based on a
transition rule, and a local-decision range update phase [23].

3.1.1. Luciferin-Update Phase. Updating luciferin mainly
depends on the objective function value of the current
position. At the same time, the decay in luciferin with time
should be eliminated.Thus, the formula for updating luciferin
is given by

𝐼𝑖 (𝑡 + 1) = (1 − 𝜌) ∗ 𝐼𝑖 (𝑡) + 𝛾 ∗ 𝐹 (𝑥𝑖 (𝑡 + 1)) , (10)

where 𝜌 is the luciferin decay constant (0 < 𝜌 < 1), 𝛾 is
the luciferin enhancement constant, 𝐼𝑖(𝑡) and 𝐼𝑖(𝑡 + 1) are the
luciferins at iterations 𝑡 and 𝑡+1, respectively, and 𝐹(𝑥𝑖(𝑡+1))
represents the value of the objective function at agent 𝑖’s
location at iteration 𝑡 + 1. In this work, objective function 𝐹
is the output power of the PV module, which is calculated by

𝐹 = 𝑃PV = 𝑈 ∗ 𝐼, (11)

where the relationship between 𝑈 and 𝐼 can be derived from
(1)–(8) in Section 2. Thus, 𝐹 is the function of 𝐺 and 𝑈, 𝐺 is
the system variable, and 𝑈 is the parameter to be optimized,
which is regarded as the location of the glowworm.

3.1.2. Movement Phase. Each agent is attracted by a superior
individual, but such attraction is limited by the perception
range of the individual. Thus, the neighborhood of the agent
should be first defined by

𝑁𝑖 (𝑡) = {𝑗 : 𝑑𝑖,𝑗 (𝑡) < 𝑟
𝑖

𝑑
, 𝐼𝑖 (𝑡) < 𝐼𝑗 (𝑡)} . (12)

𝑑𝑖,𝑗(𝑡) = ‖𝑥𝑖 − 𝑥𝑗‖ represents the Euclidean distance between
glowworms 𝑖 and 𝑗 at iteration 𝑡.

The probability that glowworm 𝑖moves toward neighbor
𝑗 is given by

𝑝𝑖𝑗 =

𝐼𝑗 (𝑡) − 𝐼𝑖 (𝑡)

∑
𝑚∈𝑁𝑖(𝑡)

𝐼𝑚 (𝑡) − 𝐼𝑖 (𝑡)
. (13)

The location update formula for this movement can be
stated as follows:

𝑥𝑖 (𝑡 + 1) = 𝑥𝑖 (𝑡) + 𝑠 ∗ (

𝑥𝑗 (𝑡) − 𝑥𝑖 (𝑡)


𝑥𝑗 (𝑡) − 𝑥𝑖 (𝑡)



) , (14)

where 𝑠 is the step size and 𝑥𝑖(𝑡) and 𝑥𝑖(𝑡+1) are the locations
at iterations 𝑡 and 𝑡 + 1, respectively.

3.1.3. Local-Decision Range Update Phase. If many individu-
als with high luciferin values exist in the local-decision range
of glowworm 𝑖, the decision radius should be appropriately
reduced. The update formula of the decision radius is

𝑟
𝑖

𝑑
(𝑡 + 1)

= min {𝑟𝑠,max {0, 𝑟𝑖
𝑑
(𝑡) + 𝛽 ∗ (𝑛𝑡 −

𝑁𝑖 (𝑡)
)}} ,

(15)

where 𝛽 is the variation coefficient of the decision radius
and 𝑛𝑡 is the number of outstanding individuals with high
luciferin values in the local-decision range.
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3.2. Flowchart of the Algorithm. The flowchart of the GSO
algorithm is shown in Figure 9.

4. Simulation of MPPT Using SIMULINK and
Result Discussion

4.1. Simulation of MPPT. In this work, the GSO algorithm
is adopted to optimize the reference voltage of the PV
system under invariant and variant radiances. The boost
converter adjusts the duty cycle of the switch according to the
reference voltage. Finally, the output power of the PV system
is controlled. The simulation result of the GSO algorithm is
compared with that of the traditional P&O algorithm under
the constant irradiance. The structure diagram of the system
is presented in Figure 10.
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The proposed GSO algorithm and conventional P&O
method are simulated using MATLAB/SIMULINK. The PV
module temperature is considered to be unchanged at 25∘C
during the simulation. Figure 11 presents the simulation of the
GSO approach for the considered PV system.

Pulse width modulation (PWM) is a technique to cre-
ate control pulses for switches. PWM is carried out in
SIMULINK, as shown in Figure 12.

The proposed scheme is simulated under two conditions:
constant radiance (including high and low irradiance) and
variable irradiance (mutation in irradiance).

4.2. Discussion of Results. Figure 13 illustrates the output
power of the PV module for the GSO method and con-
ventional method at 1000W/m2, 25∘C. The figure indicates
that the tracking efficiency of the proposed GSO algorithm
is higher than that of the traditional P&O algorithm. The

proportion of the respond time between them is about 1 : 6.
Different tracking effects for P&O could be shown when
various step sizes are used. This work selects a result with
small and steady oscillations but slow tracking speed.

Figure 14 illustrates the output power of the PV module
for the GSO method and conventional method under low
solar radiance (300W/m2, 25∘C).The result indicates that the
GSO algorithm can track the theoretical maximum power,
whereas the conventional P&Omethodhas low efficiency and
is not capable of converging to the maximum power.

Figure 16 presents the tracking performance of the pro-
posed GSO algorithm under varying radiance conditions.
The figure shows the output power of the PV module and
boost converter, which is coupled with the load. The change
in irradiance, as shown in Figure 15, exhibits suddenmutation
at 0.05, 0.10, 0.15, and 0.20 s.

As shown in Figure 16, the proposed GSO algorithm can
accurately track the MPP of the PV module under variable
irradiance. The power losses of the system are 2.43%, 2.3%,
2.32%, 2.5%, and 2.41%. The output current and output
voltage of the PV module are shown in Figure 17.

5. Conclusion

The MPPT control strategy based on the GSO algorithm
is implemented in this work. The GSO algorithm is a
new type of bioinspired algorithm that is employed for
the maximum power tracking of PV systems. The control
mechanism involves optimizing the reference voltage of the
PVmodule using the proposed GSO, adjusting the operating
voltage through the boost converter, and finally allowing the
system to work at the MPP. The proposed control scheme
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is verified using SIMULINK. The simulation results indicate
that the scheme can track theMPP under constant irradiance
and determine the MPP under changing irradiance. Thus,
minimal power loss occurs after connecting with the load.
The results of the GSO algorithm at constant irradiance are
compared with those of the traditional P&O algorithm. The
tracking speed and precision of the proposed method are
obviously higher than those of the P&Omethod, particularly
at low irradiance. Hence, the control strategy based on the
GSO algorithm can be utilized for the MPPT of PV systems.
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Nomenclature

𝐴: Diode ideality factor
𝑑𝑖𝑗: Euclidean distance between 𝑖 and 𝑗
𝐷: Switch duty cycle
𝐸𝑔: Band gap energy of semiconductor
𝐹: Objective function
𝐺: Relative radiance coefficient
𝐺𝑛: Voltage gain of boost converter
𝐼: PV output current (A)
𝐼𝑑: Diode current (A)
𝐼𝑖: Luciferin of glowworm 𝑖

𝐼𝑂: Diode reverse saturation current (A)
𝐼ph: Light-generated current (A)
𝐼ro: Diode reverse saturation current at STC
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Figure 17: Output current and voltage of PV under variable
irradiance.

𝐼sc: Short-circuit current (A)
𝐼sh: Parallel resistance current (A)
𝑘: Boltzmann’s constant (J/K)
𝐾𝐼: PV cell’s short-circuit current temperature

coefficient
𝑛𝑡: Number of outstanding individuals
𝑁𝑖(𝑡): Neighborhood of agent
𝑁𝑠: Number of series cells
𝑃𝑖𝑗: Probability of glowworm 𝑖moving to 𝑗
𝑃max: PV maximum power (W)
𝑃PV: PV output power (W)
𝑞: Electronic charge (C)
𝑟
𝑖

𝑑
: Local-decision radius

𝑟𝑠: Largest sensing radius
𝑅𝑝: Parallel resistance
𝑅𝑠: Series resistance
𝑠: Movement step size
𝑆: Solar radiation (W/m2)
𝑡: Iteration number
𝑇𝑐: Operating temperature (K)
𝑇𝑟: Reference temperature (K)
𝑈: PV output voltage (V)
𝑈𝑑: Diode voltage
𝑈in: Boost converter input voltage (V)
𝑈out: Boost converter output voltage (V)
𝑈oc: Open-circuit voltage
𝑥𝑖: Location of glowworm 𝑖.

Greek Symbols

𝛽: Variation coefficient of decision radius
𝛾: Luciferin enhancement constant
𝜌: Luciferin decay constant.
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