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ABSTRACT

In the last decades, the growing energy demand, the variability of fossil fuel prices, the deple-
tion of oil resources and the increasing greenhouse gas emissions have been encouraging the
development of affordable, sustainable and reliable technologies for power generation. Thus,
an effective solution to properly integrate flexible consumption, storage devices, renewable and
conventional energy sources in a decentralized manner is through the development of micro-
grids. In this paper, a nontraditional parabolic dish-Stirling-diesel-battery hybrid microgrid is
proposed and evaluated. Referred to the components, the parabolic solar dish-Stirling engine
system (PSDS) serves as the primary source of electricity generation while the diesel generator
in conjunction with the battery bank provides electrical energy backup when the primary source
of power is unavailable. In this way, the novelty of the study relies on a comparison between the
mentioned system and conventional isolated microgrids, such as diesel-battery and PV-diesel-
battery systems, using an open-source simulator of the microgrid operation. The developed
model is used to study a hypothetical case of electrification for a 100-household rural village
in Bolivia called Pojo Pata. The results indicate that the proposed system is very competitive
compared to the other configurations. Whereas PV-diesel-battery system is still shown to have
a slightly lower levelized cost of electricity (LCOE) and operational costs than the studied sys-
tem, the PSDS microgrid represents about 16% of savings in terms of LCOE and 21% related
to operational costs in comparison to the conventional diesel-battery system. Moreover, two
control strategies for the PSDS microgrid, an optimization-based and a rule-based algorithms,
are evaluated in terms of the operational costs. The optimization-based controller was able to
outperform the common rule-based one, as it reached near 4% of savings.
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1. INTRODUCTION

The role of electricity is fundamental for the economic and social development of a community
as it has become a key commodity for daily human activities. An increase in the rate of electricity
access enhances the opportunities for industrial development and improves the quality of health
and education services []1]]. In this context, United Nations (UN) have established the access to
affordable, reliable, sustainable and modern energy for all as a sustainable development goal for
its 2030 agenda [2]. In order to achieve this goal, developing countries are making strenuous ef-
forts that include the transition from traditional centralized generation towards the introduction
of a large number of distributed renewable energy resources (DERs). These systems present the
opportunity to reduce losses along transmission and distribution lines when connected to lower
voltage distribution lines [3]]. Besides, the modularity of these systems introduces a better al-
ternative to cover electricity requirements in remote places where the supply is technologically
or financially challenging by long distances from power lines, topology or frequent outages due
to severe weather conditions [4,5]. In contrast, the aforementioned systems also face problems,
including the costs of manufacturing, the slow replacement of current energy systems and the
lack of adequate marketing and implementation policies [§]. Related to technical challenges,
the integration of different types of technologies introduces a degree of complexity, generally
in matters of operation and control of these systems [[7].

Bolivian rural population is dispersed, the main electrical grid does not always extend to all
populated areas and the country relies mostly on fossil fuels as its main sources of energy for
electricity generation currently [8]. According to the Electricity and Nuclear Technology Con-
trol Authority (Autoridad de Fiscalizacion de Electricidad y Tecnologia Nuclear, AETN), the
installed capacity for electricity generation in the country was 3.71 GW in the country by the
year 2020, out of which 72% comes from thermoelectric power stations, 20% from hydroelectric
power plants and 8% from other renewable sources such as wind energy and photovoltaic sys-
tems. On the other hand, diesel, gasoline and other derivatives are fuels imported and provided at
subsidized prices in the country [9]. Thus, the Bolivian government has been promoting projects
to carry out a transition from the current energy mix towards distributed generation, aiming to
reach 22% use of fossil fuels, 74% of hydroelectric and 4% of other types of sources renewable
by the year 2025 [[10]. Nevertheless, the country has a high potential for solar energy due to its
position close to the equator line and its high altitude with respect to sea level, reaching an aver-
age irradiation level that exceeds the global average value [8]. Practically, 97% of the national
territory is suitable for utilizing solar energy as a primary source, the 3% remaining have been
identified as areas of dense cloudiness, located east of the Andes region [[11]. According to the
Global Solar Atlas of Bolivia, daily global horizontal irradiation in the lowlands of the country
(Santa Cruz, Beni, Pando and north of La Paz) reaches a maximum of 5.1 kWh/m?/day, while in
the region of the valleys (Cochabamba, Chuquisaca and Tarija) this value varies from 5.1 to 6.7
kWh/m?/day and in the high plateau zone (La Paz, Oruro and Potosi) the solar energy potential
can fluctuate between 6.7 to 9.5 kWh/m?/day [12].

Subsequently, technologies that harness solar power to deliver electrical energy could be di-
vided into two broad categories: Photovoltaics (PV) and concentrating solar power (CSP). PV
modules transform solar radiation directly into electricity. Nonetheless, typical commercially
available silicon modules possess an efficiency in the range of 15 to 20% [[13]. On the other
hand, CSP systems use mirrors to concentrate sunlight and produce high-temperature heat for
generating electricity. There are four types of commercial CSP technologies: Linear Fresnel
reflector (LFR), parabolic-trough collector (PTC), solar central tower (SCT) and parabolic solar
dish (PSD) [[14]. Related to the first two types, sunlight is concentrated on a linear receiver,
which usually is a tube inside a glass container for isolation and gets to temperatures of around



400 °C []15]. Moreover, solar-to-electric efficiencies of these technologies are between 8% and
18%, which are highly related to the energy density due to concentration and geometrical char-
acteristics (Concentration ratio) [[L6]. For the rest of the types of PSDS (SCT,PSD), sunlight is
concentrated to a point receiver, which reaches temperatures of around 800 °C (PSD) and 600-
1200 °C (SCT) [17]. Furthermore, their solar-to-electric efficiencies vary from 20% to 30%,
which include all systems components such as the steam turbine or Stirling engine [[16]. In this
manner, the parabolic solar dish Stirling (PSDS) systems have been considered as the most ef-
ficient systems used to convert solar energy to electricity among all solar technologies (29.4%
of efficiency) [|18]. Additionally, the Stirling engine has been analyzed through the years and
has been considered as a promising technology for remote electrification due to its versatility of
fuels, simple mechanism, low noise, low environmental impact, theoretical high efficiency and
easy maintenance [|19,20].

2. LITERATURE REVIEW
2.1. Microgrids with RES

Microgrids are small-scale electrical grids composed of different generators that harness both
renewable and fossil-fueled technologies along with storage systems and flexible consumption.
The operation of these type of systems is carried out locally and their distribution is usually not
regulated [21]]. Thus, their energy management system (EMS) provide the key to ensure reliable,
economical and safe operation through the application of a control approach. A vast number of
studies of microgrids have targeted electricity generation in remote rural areas [22-24]. More-
over, papers of systems focusing on developing countries have established their advantages,
such as minimizing energy costs and being able to meet load requirements year-round [25, 26].
Some studies have looked at microgrids that integrate technologies such as PV modules, wind
turbines, battery banks, and internal combustion engines, using mostly HOMER (Hybrid Opti-
mization Model for Electric Renewables) software for modeling [27-29].

2.2. Microgrids with CSP technologies

Solar thermal power is considered ideal technology to hybridize with other energy technologies
for energy generation. CSP could also be integrated with technology related to conventional
power generation into a synergistic system, leading to many potential benefits including im-
proved dispatchability and reliability, increased efficiency, lowered capital costs through equip-
ment sharing, and the opportunity to reach flexible operation by alternating between energy
sources. In this way, the energy sources that a CSP could incorporate include coal, natural gas,
biofuels, geothermal energy, and wind energy [30]. Zhai et al. [31]] proved that a PTC-coal
power plant was able to reduce the overall CSP plant cost, representing only be 72% of the cost
of a stand-alone solar plant and generated over 25% more electricity. Zhang et al. [32] evaluated
a dual source boiler configuration, where a SCT was utilized in parallel with a coal-fired boiler
to supplement its heat. Their design demonstrated a high solar-to-electric efficiency of 27.8%,
while a common stand-alone parabolic trough plant might only achieve approximately between
15 to 20% efficiency. Mokheimer et al. [33] assessed a STC combined with a gas turbine system
that could heat air to approximately 1000 °C. Moreover, a heat recovery steam generator (HRSG)
was used to produce steam in a cogeneration setting, reaching an instantaneous solar share of
74.2% and an annual solar share of 31.5%. Other study analyzed a linear LFR system with direct
steam generation in conjunction with a fluidized bed biomass boiler, which had an efficiency of
32.5% and an investment cost that was 69% lower than a stand-alone CSP system [34]. Ayub et
al. [35] performed an analysis using a PTC-geothermal system with an organic Rankine cycle.
Their findings showed that hybridization decreased LCOE by 2%, while the optimization of a



geothermal plant could reduce LCOE by 8%. Vick and Moss [36], showed that PTC technology
was a match with a wind turbine to meet the electrical load in the Texas and proposed a mix of
67% wind with 33% CSP for that area. Although the hybrid was more expensive (on an LCOE
basis) than a pure wind farm, it had better ability to meet peak demand than a pure wind farm.
Ghosh and Dincer explored using a multi-generation system based on solar-wind-geothermal
configuration in order to generate electricity, cooling, water purification, process drying, and
space heating [37].

2.3. Microgrids with PSDS

Although PSDS systems are suitable for hybridization [38], few research works have addressed
their integration with other technologies. Furthermore, no literature has been found that assess
the implementation of an isolated PSDS-diesel-battery microgrid for power generation, since
most of the studies have focused on the modeling and simulation of hybrid power systems that
includes a parabolic dish and a wind turbine. Most of the aforementioned studies have focused
on modeling and simulation of a PSDS-wind turbine system. Shariatpanah et al. [39] introduced
a new connected hybrid microgrid configuration, which was composed of a PSDS system and
a small wind turbine [39]. The results of this study indicated that the configuration provided
a high performance compared to other microgrids, based on modeling of the electrical compo-
nents, controllers and loads in Simulink to verify voltage stability. Rahman et al. [40], analyzed
the automatic generation control of a hybrid PSDS-WT system by assessing the generation rate
and speed governor dead band constraint. Shboul et al. [41], conducted a techno-economic
analysis of a new PSDS-WT system and compare this configuration with the tradicional PV-
WT system for power generation. The article established that the system was very competitive
with a LCOE between 0.13 and 0.15 USD/kWh, and an approximate hourly cost of 4 USD/h.
Other study by Kadri and Hadj Abdallah, performed a technical performance analysis related
to an isolated PSDS-battery system located in the coasts of Tunisia [42]. The whole work ana-
lyzed the microgrid through various solar radiation conditions during the year and showed that
the EMS proposed was very efficient and allowed a balance between the solar generation and
battery subsystems due to the maintenance of the voltage of the DC bus with respect to its ref-
erence value. Wu et al. [43] evaluated a hybrid system based on steam-air biomass gasification
integrated with PSDS system for trigeneration. The authors conclude that this novel configu-
ration obtains an total energy efficiency of 51.34%. Mastropasqua et al. [44] have studied the
hibridization of PSDS system with a solid oxide electrolysis cell to produce electricity, thermal
energy and hydrogen. The study showed that the system can be operated at a nominal solar-to-
hydrogen efficiency of above 30% producing 30 kWe and 150 kg/day of hydrogen.

As a result of reviewing the latest literature, it was shown that there is a gap in the research of
microgrids that include PSDS as part of their configuration. Moreover, most of the papers had
evaluated large scale commercial PSDS configurations and almost no attention has been given
to small scale standalone PSDS systems [45]. The present study aims at filling this knowledge
gap and adopts a comprehensive approach in assessing the proposed novel system.

3. METHODS

This research addresses the techno-economic assessment of a PSDS-diesel-battery microgrid as
compared to a hybrid PV-diesel-battery and a diesel-battery systems since these are common so-
lutions for power generation in rural areas. A study case was presented and took into account the
electric load of a rural community in Bolivia named Pojo Pata. Moreover, the completion of the
work lead to evaluate two dispatch strategies (Rule-based and MPC algorithms) for the studied
hybrid power system. Due to the complexity of hybrid microgrids, two software were selected,



one for sizing (HOMER) and the other for simulation of microgrids (MicrogridRLsimulator).
HOMER is a computational model for micropower solutions designed by the National Renew-
able Energy Laboratory (NREL). It assists the user to find the optimized group of architectures
that satisfy the technical limitations at the lowest net present cost [46]. MicrogridRLsimulator is
an open source simulator of off-grid microgrid operation developed in Python, which contains
a detailed modelling of components, such as storage, consumption,steerable and non-steerable
generators. Also, it allows for applying any control strategy and receives as input the compo-
nents size and parameters, time series representing the exogenous information, and simulation
parameters [47].

The paper has proposed a methodology that started with an economic optimization. Next, a
modeling approach of the different components was developed using the defined mathematical
equations in MicrogridRLsimulator and adding the modelling of the Dish-Stirling engine sys-
tem, which includes the optical and heat transfer phenomena related to its functioning. After
that, two simulations of the systems were carried out, one through the worst day in solar ra-
diation and the other through an entire year. Finally, the performance analyses were executed
by considering the levelized cost of energy (LCOE) and total cost of operation of the different
microgrid configurations and control strategies. Hence, the methodology and general approach
of the current study is presented in Figure [I|.
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Figure 1. Methods and general approach of system analysis.

4. CASE STUDY

The following sections present a detailed description of meteorological data, load demands,
components and their respective costs related to a standalone Parabolic dish-Stirling-Diesel-
battery system.

4.1. Geographical site selection

According to the latest population and household census of Bolivia performed in 2012, the de-
partments with the lowest electrification rate were Chuquisaca (69%), Potosi (71%) and Pando
(72%), where the major part of that percentages were concetrated in rural areas. [48]. The gap
between urban and rural electricity access is bigger as a consequence of losses in the trans-
mission and distribution, which affects the cost of power grid extension [49]. Consequently, a



community located at Potosi that had largest number of households without access to electricity
was selected. Therefore, the chosen village was Pojo Pata with an electrification rate of less
than 5% of total households, relying most of the time on the use of small diesel generators [48].

4.1.1. Geographic and demographic characteristics

Pojo Pata is situated in Potosi, 42 kilometers north of its capital (-19.197, -65.744). Its average
altitude above sea level is 3532 m, that leads to a climate characterized by low temperatures
[50]. The principal economic activity is agriculture and the community has a population of 451
inhabitants and 100 households which were estimated by the year 2021 [48].

4.2. Climatological characteristics

This community has a high average annual solar radiation due to its location in Altiplano, which
is a highland region in Bolivia. It has an estimated average direct normal solar radiation of
6.85 kWh/m?/day, with variations between 5.47 kWh/m?/day in winter and 8.18 kWh/m?/day
in summer [51,52]. Figure ] presents monthly average direct normal solar radiation of this
community.
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Figure 2. Monthly average solar radiation data in Pojo Pata.

The dry and cold climate of this community is a consequence of scarce fluvial precipitation and
the presence of the eastern part of Andes mountain, which acts as a barrier to the flow of humid
air from the Atlantic Ocean and the Amazon Basin [53]. The average annual temperature is
13.3 °C, and extreme temperatures are between 10.1 °C and 15.3 °C, in the cold and hot seasons
respectively, as indicated in Figure B.
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Figure 3. Monthly average temperature data in Pojo Pata.

4.3. Electric energy consumption

Pojo Pata’s electricity demand is based on a previous study to a community with similar char-
acteristics, located in the Altiplano zone and done by Fernandez et al. [54]. The mentioned work
contemplated villages composed of inhabitants of low and high incomes, a school, a health cen-
ter, public lighting and a church. The generated daily load profiles are provided in Figure H.
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Figure 4. Monthly-averaged daily load profile in Pojo Pata [55].

4.4. Configurations

The architecture of all systems was based on a centralized AC bus because this configuration
allows the development of modular systems, which can adapt to potential changes in the con-
sumption. These systems are also considered robust and easier to operate [56]. Furthermore,
the AC bus architecture permits an easier interconnection with a power grid when this is re-
quired [57]. Related to the the different microgrids, diesel-battery systems are the most com-
mon configuration of isolated systems in Bolivia [10]. Moreover, due to the concern related to
the diesel subsidy, the Bolivian government has been promoting projects for the hybridization



of these remote plants using PV panels (PV-diesel-battery systems). In this way, the micro-
grids of Cobija and El Espino are examples of this trend [58,59]. The configurations of the
PSDS-diesel-battery, PV-diesel-battery and Diesel-battery systems are shown in Figure .
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Figure 5. Overall configuration of the microgrids.

4.5. Techno-economic data

In this section, specifications of the diverse components and their costs are expressed. Moreover,
an extensive literature review was carried out in order to acquire data about the local costs of
the equipment used.

4.5.1. PV panels

Technical characteristics of the PV module that constituted the photovoltaic array were based
on a 320 Wp one [60]. Additionally, a tracking system was not considered. The slope and
azimuth angles were selected in order to maximize the yearly electricity generation and ended
up as 19.197° (latitude of site) and 180° (module facing north), respectively [61]]. The ground
reflectance was considered as wet soil from the city [62] and the derating factor was 88%, which
was the default value defined in HOMER. This last factor considers different types of losses
in the PV modules such as aging, shading, soiling, and wiring losses [63]. The capital cost
and replacement cost of the mentioned PV panel were 747 and 344 USD, respectively [64].
Additionally, prices relating to shipping, installation, and a solar inverter were included in the
capital cost. The O&M cost of the 320 W photovoltaic module studied was assumed to be 18
USD/year.

4.5.2. Battery bank

The main characteristics of each battery were: A 12 VRLA-GEL battery with a nominal capacity
of 200 Ah and a lifetime throughput of 690 cycles [65]. Due to the voltage of 24 V related to



DC bus, the batteries were configured in series of two batteries per string. Furthermore, the
depth of discharge (DOD) of the battery was taken as 80%, due to the fact that the manufacturer
specified that this type of battery offers a better deep cycle durability and a longer lifetime
than AGM batteries [65]. The capital cost and replacement cost of each battery were 793 and
703 USD, respectively and 14 USD/year was established (2% of acquisition cost) as the O&M
cost [64].

4.5.3. Converter

As a consequence of both DC and AC buses existing in the system, a bi-directional inverter,
which has both function of a rectifier and an inverter, performed the conditioning of the system
and was based on Victron MultiPlus Inverter [67]. The lifetime of the equipment was assumed
to be 15 years, based on the software default value [68] and the efficiency of the inverter and
rectifier were taken as 94% and 98%, according to the manufacturer’s datasheet [69]. The capital
and replacement cost of the converter were assumed to be 1,764 and 1,604 USD, respectively.
The O&M cost was established as 160.4 USD/year (1% of acquisition cost) [66].

4.5.4. Diesel engine genset

The capital cost, the replacement cost, and the O&M cost of the diesel generator were assumed
to be 925 USD/kW, 804 USD/kW, and 0.0124 USD/kW/year, respectively. The minimum load
ratio was taken as 30% of the nominal power and the generator operating hours were considered
as 20,000 [[70]. Furthermore, diesel fuel was specified with a price of 1.30 USD/L and the
default properties of that fuel in the library of the optimization program (lower heating value
43.20 MJ/kg and density 820 kg/m3) [71].

4.5.5. Parabolic solar dish-Stirling engine system

According to Shboul et al. [41]], a solar powered Stirling engine has an investment cost around
2,861.5 USD/kW, areplacement cost of 2,271 USD/kW and an O&M cost of 57.6 USD/kW/year.
Related to the life expectancy of the system, the manufacturer expresses that it has a lifetime
of around 30 years. [72] The other parameters demanded from the aforementioned system were
based on the technical characteristics of the Eurodish system, which is a demonstration project,
located in Spain and composed of a SOLO Stirling engine V161 with a maximum electrical
output of 10 kW [73].

4.5.6. Other parameters

The lifetime of the project was taken as 20 years, the nominal discount rate was selected as
10.10% [9], the expected inflation rate was expressed as 3.12% [74] and the annual capacity
shortage was assumed to be 0%. Furthermore, some important parameters related to the use of
MicrogridRLsimulator are expressed in Table [l

4.6. Mathematical Modeling

In this section, a detailed description of the system considered is provided. The considered mi-
crogrid is composed of a solar dish Stirling engine, a diesel genset, a battery bank, a charge
controller, an inverter and a electric load. The Energy Management System (EMS) is respon-
sible for the interaction and the scheduling of the controllable components. A PSDS system is
composed of the following components:

4.6.1. Consumption

In this paper, an electric load of a rural Bolivian village (C") was considered non-flexible, which
is related to a high cost associated to non-served energy. In this way, the demand at each time-



Table 1. Input parameters for the simulation.

Parameter Value Unit
P,P 0.72 kW X battery
neh 87.65 %
nis 84.08 %
riuel 1.21 EUR/kWh
greurt 1.50 EUR/kWh
rshed 2.00 EUR/kWh
Ay 1 h

step ¢ came from distribution PE[75].
4.6.2. Dish-Stirling Engine

The Dish-Stirling engine system incorporates three mainly components: Parabolic dish concen-
trator, solar receiver and Stirling engine coupled with an electrical generator. The direct normal
irradiation (DNI) is collected and reflected by the parabolic dish into the receiver, which is de-
signed to transfer the absorbed solar energy to the working fluid in Stirling engine. The Stirling
engine then converts absorbed thermal energy to mechanical power. Finally, the linear motion
is converted to a rotary motion to turn a generator to generate electricity.

4.6.2.1. Opto-geometric model

The interception factor (¢;), which is the fraction of energy entering into the receiving cavity
and is calculated by the following relation [[76]:

1

2.Cop) M

¢ri =1—exp(
In this way, the lost energy outside the cavity aperture area is deduced from the interception
factor. Let o denote the error of the distribution of heat flux in the focal plane, C' is the con-
centration factor defined as C' = A,/ A4y, Where A, is the projected reflective surface of the
solar parabolic dish concentrator and A,, is the aperture surface of the receiving cavity.

4.6.2.2. Thermal analysis model

The thermal power received by the aperture surface of the receiving cavity is given by the fol-
lowing equation [[77],
Qrec =1I- Acon *Top * Qbfi (2)

where 7, 1s the optical efficiency of the solar parabolic dish concentrator which is defined as the
product of the coefficient of absorptivity, emissivity, and transmissivity of the concentrator, I is
the direct normal irradiation. The thermal input power to the Stirling Engine (Q),,) is estimated by
subtracting the receiver thermal losses from the power intercepted by the receiver as exemplified
in the equation below [[7],

Qu = Qrec - Qrad,ref - (Qcond + Qconv + Qrad,emit) (3)

where the terms include reflected radiation (Q);4q,rc ), emitted radiation losses (Qyqd,emit), total
convection losses (Q).onv), Which includes both natural and forced convection, and conduction

losses (Qcond)'



4.6.2.3. Stirling engine

The performance of Stirling engine could be evaluated through Beale number, which is based on
numerous Stirling engines and estimate the output power, which is shown in Equation f [78,79].

P =B By - Vow - f 4

Here P97°%% is the gross output power of the engine, B is the Beale number, P, is the mean
engine pressure, Vgy, is the swept volume of the engine and f is the engine frequency. Beale
number is a parameter that characterizes the performance of Stirling engine and lies between
the range from 0.11 to 0.15 for engines that function with high temperature differential [8§0]. On
the other hand, the net system power (P"¢') is obtained by subtracting the parasitic power of
the tracking motors, control system, pump, and fan from the gross output value. These parasitic
losses reach an average value of 350 W during the operation of the PSDS system and a value
of 10 W when the engine is off as a consequence of the uninterruptible power supply that the
control system must have [[72].

4.6.3. Diesel genset

The diesel generator operates at output level of P9°", that is ranging between the minimum
stable generation P7°" and the maximum capacity P9¢" such that:

Py < P, < poen )

The fuel consumption F; related to the operation of the generator at time t is a function of the
power output P9°"; with parameters F, F5 given by the manufacturer.

Fy+Fy - p9eny if P9, > 0,
L P (©)
0 ,otherwise.
The fuel cost ¢/““!; accounting for the fuel price 7/ is then given by:
Cfuelt — Ft . ﬂ_fuel (7)

4.6.4. Battery bank

The battery bank is based on a linear tank model. Therefore, the dynamics of a battery are given
by the following expressions [[75]:

SOC,41 = SOC, + At - (n Pt — ]; Zt) ®)
SOC,, P"t, PYst > 0 9)

Pht <P (10)

Pt <P (11)

SOC, < S (12)

S = s(ny) (13)

Where SOC, represents the state of charge at each time step ¢, P¢" and P%* denote the charging
and discharging power, respectively. Moreover, P and P are the maximum charging and dis-
charging rates, S is the maximum battery capacity, 7°" and n?* are the charging and discharging
efficiencies and n,; the number of cycles.



4.7. Power balance

At each time step ¢, the power balance is defined as [75]:
Pnett + Pdist + PShedt — PCht + Pcurtt + Ct (14)

Where P*"*? is the shedding of loads and P“'? is the curtailment of generation.
4.7.1. Control Strategies

In this paper, two different control approaches for microgrid operation have been implemented
for comparison purposes: Rule-based and optimization-based control.

4.7.1.1. Rule-based controller

The rule-based control strategy is simple and implements a set of rules that are considered each
time step using data regarding the present state of the system. The basic principle of controller
is to use the renewable generation in order to supply the electrical power demand [[75]. Thus, the
residual generation (A F;) is defined as the subtraction between the power produced from renew-
able resources (P"**;) and the demand of power (C}). Thus, if there is an excess of electricity
generation (AP, > 0), then this will be used to charge the batteries. On the other hand, if the
residual generation level is negative (AP, < 0), the batteries can supply the demand. Nonethe-
less, prior evaluation, the actual state of charge of the batteries should be revised (SOC') and
there are certain limits of charge (P) and discharge rates (P). A complete description of this
algorithm is presented in Figure .

4.7.1.2. Optimization controller

Optimization-based algorithms, such as the model predictive control (MPC), are not common
in industrial applications. They allow to harness optimization techniques and enable reaching
multiple control objectives simultaneously. A MPC is used to establish control actions at each
time step by solving an optimization problem with N-step look-ahead. In this way, the objective
function tries to minimize the curtailment, load shedding and fuel cost subject to the constrains
of operation which are defined by a mixed-integer linear model [75]. The optimization problem
that is solved at each current state of the system as exemplified in the flowchart in Figure [J.
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Figure 6. Flowchart of the rule-based control algorithm.
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5. VALIDATION

As the reviewed literature showed, there are not studies that reflect the real performance of a
PSDS-diesel-battery system nor simulated one. Nonetheless, a validation of the hybrid power
system components was performed before they can be used to study the performance of the
actual systems.

5.1. PSDS system

In order to validate the model presented, data from Eurodish system located in Sevilla for an
entire day (November 1°¢, 2007) were evaluated in comparison to the developed model. Figure
B exemplifies that Beale number model is considerably good in comparison to the real data,
especially during central hours of the day. Nevertheless, real energy generation during the start-
up is higher than the estimated due to overpressure. Meanwhile, there was a manually shut-
down at the end of the day by the team of operation and maintenance [72]. Although these
discrepancies, the Beale model is surprisingly adjusted to the real behavior of the system with a
mean absolute error (MAE) of 59.17 W and a mean absolute percentage error (MAPE) of 0.30%.

5.2. Other components

Referred to PV modules, battery storage, diesel generator and bi-directional inverter, Totaro et
al. performed an evaluation and validation of an isolated PV-diesel-battery microgrid based on
empirical data measured in the community of El Espino (19.188, 63.560), Bolivia [75].
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Figure 8. Comparison between the values of Eurodish system vs Beale number model [72].

6. RESULTS AND DISCUSSION

In this section, the results of the paper are presented. In the first part, the optimization results
are analysed and after that, the analysis of microgrid simulation are described.

6.1. Optimization results

Optimization results expressed the following microgrid components’ sizing:

1. Configuration 1 (PSDS case) — PSDS systems (6 x 10 kW), diesel genset (35 kW),
bi-directional inverter (40 kW), and VRLA gel lead-acid battery bank (26 x 2.4 kWh).

2. Configuration 2 (PV case) — PV panels (204 x 0.32 kW), diesel generator (30 kW),
bi-directional inverter (36 kW), and VRLA gel lead-acid battery bank (40 x 2.4 kWh).



3. Configuration 3 (Diesel case) — Diesel generator (45 kW), bi-directional inverter (0.43
kW), and VRLA gel lead-acid batteries (6 x 2.4 kWh).

6.2. Microgrids’ simulation

For the interest of this article, it was considered to first simulate the systems for a representative
solar radiation day (Worst day of solar energy) and, then, for an entire year using microgridRL-
simulator [75]. Unsurprisingly, the selected day (July 237¢) was a cloudy day in winter season.
In this way, the one-day approach was done in order to corroborate whether the systems operate
in a reliable, efficient way. Moreover, the one-year simulation was completed in order to obtain
the data needed for the performance analysis.

6.2.1. Analysis of the microgrid configurations during a representative solar day

On July 237, as shown in Figure P, the electrical generation by solar technologies occurred
from 07:00 a.m. to 06:00 p.m. Nevertheless, the RES production from the PSDS-diesel-battery
system (PSDS case) (Figure Pd) was lower than the PV panels (PV case) (Figure Pb) as a con-
sequence of the lower DNI during a cloudy day. On the other hand, a one-hour load shedding
took place around 4:00 p.m and had the same value for both mentioned systems, which was
easily covered by the system composed of a diesel genset and a battery bank (Diesel case) (Fig-
ure Pd). Moreover, PV case registered another load shedding at 07:00 p.m., which was smaller
than the previous one. Regarding the battery bank, the Diesel case did not required to use it;
quite the contrary the system was able to recharge the batteries at 05:00 a.m. While PSDS case
need a discharge process at 04:00 a.m. during one hour and PV case required two discharges of
the batteries (At 12:00 a.m. and at 04:00 a.m.). To sum up, the results of this daily simulation
showed that all microgrids functioned properly, but PSDS case and PV case were not able to
cover the electricity demand once and twice during the day, respectively. Nonetheless, all the
components functioned coordinately to reach the load required.

6.2.2. Analysis of the microgrid configurations during a year

PSDS case was able to reduce 16% (0.446 USD/kWh) the levelized cost of energy (LCOE) in
comparison to the Diesel case (0.531 USD/kWh). Nevertheless, PV case represented the lowest
LCOE solution (0.426 USD/kWh) from the three configurations. With regards to cumulative
returns, PV case also yields the best alternative with 55,920 € for an entire year. PSDS case and
Diesel case reached 87,205 and 110,259 €, respectively. Additionally, PSDS system, which for
a total installed capacity of 60 kW, was able to generate 151,023 kWh and reached a average
solar-to-electric efficiency of 22.3%. In contrast, the 65.28 kWh PV array generated 128,249
kWh during the entire year with an average solar-to-electric efficiency of 14.9%.

From the previous results, it is clearly seen that the use PSDS system can reduce LCOE and
operational costs compared to only using a diesel genset as a steerable generator in a microgrid.
Nevertheless, Stirling engine has a main drawback related to its manufacturing costs that could
about twice the price of a diesel engine [81]. This fact has lead PV panels to still be the best
option for solar-power systems even if the site such as the case of Pojo Pata has an excellent solar
potential (2819 kWh/m?/year), which is 1.5 times bigger than the potential reccommended by the
literature and experimental projects implemented using solar dishes [82,83]. Furthermore, the
local fabrication and availability of the technology could lower the prices as some works have
reported with LCOE values varying from 0.13 USD/kWh in Pakistan [45], 0.26 USD/kWh in
China [84], 0.83 USD/kWh in Malaysia [85] and 0.24 USD/kWh in Algeria [86]. Therefore,
the feasibility of PSDS generation systems will also depend on technology costs, project costs,
and the extent of government driven financial support [87].
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Figure 9. Generated power of the different microgrids on July 237¢ in Pojo Pata.

6.2.3. Analysis of the control strategies during a representative solar day

A rule-based controller, which is typically found in industrial applications of microgrids, was
compared against an optimization controller with perfect knowledge and 12 periods of look-
ahead for PSDS case. Thus, as it is possible to observe in Figure [L0], the MPC algorithm max-
imize the use of the diesel generator in order to charge the batteries with the excess energy
(01:00 a.m.-04:00 a.m., 07:00 a.m.-08:00 a.m., 01:00 p.m.-04:00 p.m., 05:00 p.m.-06:00 p.m.
and 08:00 p.m.-11:00 p.m.) and discharge them to cover the demand leading to a non-load shed-
ding during the entire day in comparison to the typical rule-based controller used in Figure Pd.
Related to RES production, both controllers were limited to the weather conditions of that day,
generating the same amount of power from the PSDS system.
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Figure 9. Generated power of the different microgrids on July 237¢ in Pojo Pata.
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Figure 10. Generated power of PSDS case using an MPC algorithm (Optimization controller)
on July 23" in Pojo Pata.

6.2.4. Analysis of the control strategies during a year

In addition to evaluating the effectiveness of a PSDS-diesel-battery system in comparison to
other common microgrids, another goal of this paper is to conduct a comparative study between
different control strategies from the point of view of minimizing the operational costs. In this
way, the MPC method (83,499 EUR) approximately yields a saving of 4.25% for an entire year
in comparison to the rule-based method (87,205 EUR). The operating cost savings reached are
due to a better control and integration of the different components of the microgrid as it has been
reported in the previous section. So, it can be observed that the use of an optimization-based



controller is indeed able to significantly reduce the cost related to the functioning of the system.
Nevertheless, the results obtained were based on a perfect forecast, which is not the case in real
applications. The incorporation of uncertainties in forecasting models is out of the scope of this
article.

7. CONCLUSIONS

In this paper, a comprehensive study of a novel remote hybrid microgrid (PSDS-Diesel-battery
system) was presented. First, a detailed description of meteo data and techo-economic data re-
lated to the rural community of Pojo Pata is presented in order to use that information as input
for HOMER software, which led to techno-economically optimized configurations.
Subsequently, components of the system were modeled using mathematical models previously
reported in the literature. Each model considers important factors of the evaluated technology
such as the model of the Parabolic dish-Stirling engine which considered three main components
involving opto-geometric and thermal characteristics. Moreover, an open-source framework for
the simulation of power grid was utilized [75].

Then, a comparison between the mentioned system and other common standalone power sys-
tem configurations was performed. Although the standalone PSDS-diesel-battery system was
not as cheap as the PV-diesel-battery system, it represented around 21% of operational savings
in comparison to the diesel-battery system. Additionally, the difference between LCOEs of the
PSDS case and the PV case was minimal.

Finally, an assessment of two different control strategies for the PSDS case was performed. The
model-predictive controller (MPC) was able to outperform the common rule-based controller, as
it reached near 4% of savings. Despite the high purchase price of the Stirling engine, the hybrid
system based on a parabolic dish, Stirling engine, diesel genset and batteries for the community
of Pojo Pata represented a better option to implement in a rural electrification project compared
to a system made up of diesel generator and batteries. There is a great opportunity for systems
based on Stirling engines to benefit users of distributed energy systems, as this technology ma-
tures, and more developments are made. Moreover, the policy measures are required to rise the
financial attraction and decrease the investment costs of PSDS systems for the competitiveness
with other concentrated solar power technologies. Further research should be directed to assess
other control strategies that utilize artificial intelligence. Moreover, an evaluation of impact of
uncertainties on the forecasting models and a multi-energy system to generate electricity and
heat for the community should be considered.



Nomenclature

Functions

PE  Load probability distribution

Parameters

Ay Simulation and control period duration (h)

n Charging efficiency of battery bank

n Discharging efficiency of battery bank

ngen  Electrical efficiency of generator

nop  Optical efficiency of parabolic dish concentrator
P9en Maximum capacity of Diesel genset (kW)

P Maximum charging rate of battery bank (kW)

S Maximum battery capacity (kWh)

¢ Interception factor

et Curtailment price (EUR/kWh)

n/uel Fuel price (EUR/kWh)

mshed  TLoad shedding price (EUR/kWh)

of Error of the distribution of heat flux in the focal plane

P9e"  Minimum stable generation of Diesel genset (kW)

P Maximum discharging rate of battery bank (kW)
C Load forecast (kW)
res Renewable generation forecast (kW)

ap  Aperture surface of receiving cavity (m?)

p
A
A, Projected reflective surface of parabolic dish (m?)
B Beale number

C Concentration factor

f Stirling engine frequency (Hz)

Fy Fuel consumption parameter of diesel genset

Fy Fuel consumption parameter of diesel genset

N Number of look-ahead periods

P,,  Mean Stirling engine pressure (Pa)

Vsw  Displaced Stirling engine volume (m?)

Set and indices

k Look-ahead step

t Decision time step

Variables

y Control actions vector



AP, Residual generation level (kW)

cc“rt  Curtailment cost (EUR)

c/*el Fuel cost (EUR)

ched Lost load cost (EUR)

Cy Electric load at each time-step ¢ (kW)

F; Fuel consumption of diesel genset (1)

I Direct Normal Irradiation(W/m?)

Ty Number of cycles of battery

Pe"  Charging power of battery bank (kWh)

P Discharging power of battery bank (kWh)

P95 Gross output power of Stirling engine (W)

Pt Net output power of Stirling engine (kW)

Qcona Conduction losses (W)

Qconv Convection losses (W)

Qrad,emit Emitted radiation losses (W)

Qradrer Reflected radiation losses (W)

@rec Thermal power at receiving cavity (W)

@.  Thermal input power to the Stirling Engine (W)
SOC} State of charge of battery bank at each time step (kWh)
SOC}, State of charge of battery bank at next time step (kWh)
Yt Discrete decision about the use of the equipment
cfuel, Fuel cost related to Diesel genset (EUR)

Peurt, Curtailment of generation (kW)

P9e™, Power output of Diesel genset (kW)

Pr®, Renewable generation (PSDS or PV panels) (kW)
Pshed, Shedding of loads (kW)
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