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Abstract: Low-enthalpy geothermal resources (<150 °C) can be used for electricity generation and are
widespread around the world, occurring at shallow depths. At the same time, in many parts of the
world, there are existing low-enthalpy geothermal wells that are used for a multitude of applications
such as for buildings’ heating and agriculture-related applications. The dominant technology to
convert low-grade heat (<150 °C) to electricity is the Organic Rankine Cycle (ORC). The autonomous
polygeneration microgrid (APM) concept aims to holistically meet in a sustainable way the needs
of an off-grid community in terms of electrical loads, space heating and cooling, potable water
production through desalination, and the use of hydrogen as fuel for transportation, in the most
cost-effective manner possible. Photovoltaics (PVs) and wind turbines have been investigated
extensively, since PVs can be installed practically anywhere in the world and wind turbines in
areas with sufficient wind potential. The aim of this paper is to investigate techno-economically
the potential of utilizing low-enthalpy geothermal resources in small-scale APMs through an ORC
engine to fully satisfy the needs of small settlements. In order to accomplish this task with confidence,
a case study for the Greek island of Milos has been developed and a typical settlement has been
considered. It is worth mentioning that experimental results from a realized low-power (<10 kW)
ORC engine manufactured to operate at temperatures up to 140 °C are used to add reliability in
the calculations. In order to meet the needs of the people, four different APMs based on PVs,
wind turbines, and geothermal ORC of different but appropriate configurations were designed and
sized through optimization. The optimization process was based on particle swarm optimization
(PSO). The comparative examination of the results shows that the use of a low-power, low-temperature
ORC engine in an APM is technically feasible; more cost effective than the configurations based on
PVs, wind turbines, or combination of both; and has increased environmental sustainability.

Keywords: ORC; geothermal energy; microgrids; polygeneration; particle swarm optimization;
energy communities

1. Introduction

The current paper investigates techno-economically the use of small-scale (<15 kW) low-temperature
(<150 °C) geothermal Organic Rankine Cycle (ORC) technology for polygeneration microgrids in order
to fully cover essential energy needs of small settlements. The investigation aims at concluding whether
geothermal ORC in microgrid concept integration is technically feasible, cost effective, and attractive for
future investments, thus constituting an alternative solution to the commonly applied photovoltaics (PVs),
wind turbines, and hybrid configurations. To supply the results obtained with evidence, small-scale
ORC performance at varied conditions is introduced based on extensive experimental results already
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published [1,2]. These works present a complete analysis of the performance of a two-stage, small-scale
(~10 kW) ORC operating at temperatures up to 140 °C that favors its application for geothermal
small-scale microgrid integration. Scroll expenders have been used as expansion machines [3]. The latest
developments in the subject in terms of technology evolution, market orientation, and social impact are
thoroughly described next.

1.1. Polygeneration Microgrids

The autonomous polygeneration microgrid (APM) concept was first presented almost a decade
ago [4]. It aims to holistically meet the needs of an off-grid community in terms of electrical loads, space
heating and cooling, potable water production through desalination, and the use of hydrogen as fuel
for transportation in the most cost-effective manner possible. At the same time, the use of renewables
minimizes the carbon footprint of the community. In principle, any power source can be used in an
APM. Photovoltaics (PVs) and wind turbines have been investigated extensively, since PVs can be
installed practically anywhere in the world and wind turbines in areas with sufficient wind potential.

In addition to the initial research, advanced energy management systems were developed based
on fuzzy logic [5], on a combined approach of petri nets and fuzzy cognitive maps [6], on a multi-agent
system enabling demand-side management [7], and eventually an investigation of transitioning to
a decentralized topology in the energy management system from the centralized one [8]. Other
artificial intelligence paradigms were also investigated successfully, such as game theory [9] and fuzzy
Q-learning [10]. The biggest improvement was observed when migrating from an on—off approach
for the various subsystems to variable load operation. Investigation into the various components
of the APM has also been realized. In [11] hybrid capacitors were investigated as an alternative to
batteries, with higher utilization of the hydrogen subsystem with positive results. These results led to
the realization of a hybrid capacitors bank [12]. Moreover, development and experimental analysis of
a reverse osmosis desalination unit incorporating energy recovery also took place [13]. Nowadays
commercial lithium ion batteries present high efficiencies, high depth of discharge, extended lifetimes,
reasonable cost, and at the same time come with warranties of 10 years [14], which makes them prime
candidates for use in polygeneration microgrids. A sustainability challenge is faced, especially in the
developing world in relation to battery disposal and recycling [15].

1.2. Geothermal ORC Power Generation

Where available, low-enthalpy geothermal resources (<150 °C) can be a competent solution for
electricity generation and are widespread around the world, occurring at shallow depths [16]; they could
apparently play a key role in microgrid integration. At the same time, in many parts of the world,
there are existing low-enthalpy geothermal wells that are used for a multitude of applications such as
for buildings” heating and agriculture-related applications [17]. The low-temperature geothermal heat
sources of concern can be exploited for electricity generation; however, this entails the appropriate
heat-to-power conversion technology. To this end, the dominant technology to convert low-grade heat
(<150 °C) to electricity is the Organic Rankine Cycle (ORC), as the current state of the art indicates.
The main reason is that it exhibits higher conversion efficiency and maturity [18] compared to all
alternative technical solutions (e.g., thermoelectric generator, Stirling engines, etc.). The thermal
efficiency of the ORC is in the order of 5-6% when heat is supplied at 100 °C, which is about 30%
of Carnot efficiency [19,20]. Most of the ORC systems currently installed are in the range of a few
hundred kW, to a few MW, [21]. In the field of geothermal electricity generation, an investigation
into relevant literature reveals few systems that include autonomous geothermal electricity generation
mostly in the MW, range [22,23], with few cases of geothermal-based isolated grids starting from
50 kW, [24,25]. Small ORC units have been researched and experimentally investigated. In Bologna,
a 11 kW, capacity unit using R134a and a prototype four-cylinder piston expander was constructed
and tested, exploiting a geothermal well with a temperature of 65 °C with a net efficiency of 4.4% [26].
Another experimental ORC with a capacity of 1 kW, combined with a geothermal power plant of 85 to
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105 °C was developed in Germany, where two different working fluids, R245fa and R1233zd(E), were
compared in terms of ORC efficient operation [27]. Moreover, a regenerative ORC-CHP plant with
a twin-screw expander was developed, operating at a constant heat source temperature of 135 °C,
resembling a geothermal source, and was tested in full and partial load operation, reaching a very
high operational range and high efficiency in part-load operation [28]. Finally, three units with a
capacity of a few kW, was developed, realized, and tested extensively at the Agricultural University of
Athens [2,19,29].

Concerns regarding the environmental sustainability of geothermal power plants are mainly
concerned with HyS and geothermal water release affecting water quality in the area [30]. As far as HyS
gas is concerned, the most common management approach is to include caustic scrubbing followed by
oxidation, adsorption, and catalytic conversion in order to produce elemental sulfur [31]. This is very
interesting especially for remote agricultural communities because elemental sulfur can be used as
fertilizer [32]. As far as geothermal water is concerned, based on its chemical constitution, it can be
utilized for irrigation after appropriate pre-treatment [33].

1.3. ORC Market Trends

The ORC market has experienced significant growth since the early 2000s, with an average
yearly capacity between 75 and 200 MW,. In 2017, the ORC market was estimated to be between
USD 359 million and 402 million per year, including the sales of equipment and direct engineering
services [34]. In the early 2000s, small ORC units presented a much higher cost per kW, but units
of less than 500 kW, did not represent more than 2% of the total installed capacity [34]. Recently,
several low-temperature ORC engines have entered the market, decreasing the purchase cost while
increasing the competition. ORC systems with an electric production lower than 20 kW, for use in
residential or small industry applications have immerged, such as those of the French company Enogia,
which trades in units of 10 kW, and 20 kW, suitable for heat source temperatures between 80 °C and
120 °C using R245fa and declaring a cycle efficiency range between 5% and 8%, depending on the hot
source and cold sink conditions [35]. In Italy, Zuccato company provides a unit of 30 kW,, with a cycle
efficiency of 8.5% [36]. The company Infinity Turbine developed small ORC engines starting from
5 kW, [37], and Orcan Energy uses ORC in waste heat recovery with cycle power between 20 kW, and
100 kW, [38]. This growth of small-scale units and company competition has had an effect in reducing
the relevant costs. In 2018, the global ORC market size was valued at USD 498.7 million, which is
expected to grow at a compound annual growth rate of 9.7% over a forecast period up to 2025 [34].
The geothermal application segment has dominated the ORC market due to the large capacity of
geothermal projects compared to other application segments such as biomass and waste heat recovery.
There are, however, very few reports concerning the cost of a geothermal ORC application, with a
rough estimation being USD ~2000-3000/kW installed [39]. Furthermore, ORC benefits such as the
easy-to-install configuration, the equipment longevity, the potential use for co-generation applications,
the environmental cost benefits, and the autonomous operation [40] make these systems attractive for
application in microgrids.

1.4. Merits of Geothermal Energy in Distributed Power Generation

For different reasons, distributed geothermal power generation under a microgrid topology is of
high value for both the developed and developing world. The renewable energy communities foreseen
under the 2019 European Clean Energy Package [41] are expected to play a pivotal role in increasing
distributed small-scale renewable power generation for their own use. This fact extends the field of
possible application of APMs to urban and peri-urban areas of the EU. All around Europe, there are
numerous low-enthalpy geothermal sources that can be utilized for small-scale on-site renewable
energy production using ORC engines [42]. The possibilities of using existing geothermal wells, used
until now only for heating purposes, can increase the co-generation of power and heat. This can find
significant use especially in agriculture, since agriculture will also have to follow the targets set in the



Sustainability 2020, 12, 475 4 0of 20

European Green Deal of Europe becoming the first climate-neutral continent. This in turn means it
will also have to increase its renewable energy self-generation capacities. As a result, small-scale ORC
units utilizing low-enthalpy geothermal sources can be viable investments not requiring excessive
capital costs.

In 2019, there were still 860 million people without access to electricity, with most of them living
in rural areas of Sub-Saharan Africa [43]. The East African Rift system has huge potential to provide
electricity to the continent [44]. Many efforts have taken place to erect big geothermal energy power
plants connected to the main grid in East Africa. The Geothermal Risk Mitigation Facility setup by
the African Union Commission is one of the largest efforts to date to realize large-scale geothermal
power plants [45]. At the same time, East African countries have just 42% of the population with
access to electricity, which goes down to 31% in rural areas [43]. Most of the remote rural areas of
Sub-Saharan Africa are expected to get electricity through autonomous systems mainly in the form
of microgrids [46]. In the developing world the application of small-scale ORC units in microgrids
utilizing low-enthalpy geothermal energy resources can provide a low-cost alternative for providing
energy access.

From the above analysis it can be clearly identified that geothermal power generation with ORC
under a microgrid topology could play a key role in fulfilling in full basic power demand in small
communities in both the developed and developing world. Nevertheless, the conditional framework
that makes it technically and economically feasible should be determined by taking into consideration
the competition from other, widely applied renewable energy sources (RES) technologies that dominate
the microgrids sector, namely, PVs, wind turbines, or a combination of both at the same power scale.

1.5. Scientific Contributions of the Paper

The main contributions of this article can be summarized as: (1) After having developed and
laboratory tested multiple low-temperature, low-power ORC engines, we used the testing results
to develop a simulation model to investigate through simulations and optimizations its use in
providing electricity and electricity-based services for off-grid locations through autonomous systems.
(2) We compare techno-economically the use of the low-power ORC engines (<15 kW,) with the most
common approaches for providing electricity to autonomous systems that include PVs, wind turbines,
and hybrid systems, highlighting the benefits of using an ORC engine where feasible. (3) Based on the
results of the investigation we discuss possible use scenarios and possibilities for large-scale deployment
of this technology for both the developed and developing world, also taking into consideration the
environmental sustainability of these systems. For that purpose, a case study is elaborated for the
representative case of a small settlement located on Milos island (Cyclades, Greece) using the APM
concept [4], which aims at holistically meeting the needs of a remote area. Apart from the needs for
transportation fuel, Milos island also faces potable water scarcity, making it necessary to include a
desalination unit as a power load. Milos has high solar, wind, and geothermal potential, making
it an ideal location for a comparative case study. An optimization platform consisting of TRNSYS
17, GenOpt 3, and TRNOPT was utilized. The optimization process was based on particle swarm
optimization (PSO), which has been used with success in energy systems in general [47,48] and APMs
in particular [4,6,9,11]. The results show that the use of a small-scale low-temperature ORC engine use
in an APM is technically feasible and more cost effective than PVs and wind turbines.

2. Materials and Methods

2.1. Case Study Description

The system was installed on Milos island in the Aegean Sea, Greece. Typical local meteorological
data were utilized. The load consisted of 4 households occupied in total by 16 people. The heating
and cooling needs of the buildings were met through the use of high-efficiency air-to-air heat pumps
(Daikin FTXR28EV1B9) with nominal COP of 5.14. Each house had one freezer and one refrigerator.
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The Steca PF166 refrigerator/freezer was considered, with two appliances in each household: one
operating in refrigerator mode and one in freezer mode [49]. The lighting needs of the households were
met with the use of LED lamps. All electrical appliances considered were of high energy efficiency,
and for cooking a typical electric grill and a typical induction cooker were considered. After the
synthetic load was developed, variability was added from day to day and from timestep to timestep
to make this synthetic profile more realistic [50]. The water needs of this small settlement were
considered to be 3.84 m3/day and this includes drinking water, laundry, sanitary, and bathing use.
For the local transportation needs four hybrid hydrogen-battery scooters were assumed with a daily
fuel consumption of 4.8 Nm? H,. Since production and storage of hydrogen was considered, it was
decided to also investigate the use of a fuel cell. Hydrogen has the benefit of being able to provide
long-term energy storage and can complement a battery storage system [51].

Milos is blessed with high geothermal power potential. Many sources at multiple temperatures
have been documented [52]. For the purposes of this case study it was assumed that the ORC unit was
connected to one of the existing 95 °C geothermal wells [52].

The prices of all system components were on par with commercial pricing in Greece. For the
geothermal system a lump sum cost of EUR 15,000 was considered in line with the cost of the realized
experimental units. The interest rate was assumed to be 6%. The lifetime of all components was
considered to be 20 years and 1 battery exchange was considered in this 20-year period, on par with the
current 10-year warranties of high-quality lithium batteries. Annual maintenance was considered with
a lump sum cost of EUR 500 for the PV and wind systems, which was based on commercial pricing
in Greece. For the ORC engine system, an annual lump sum of EUR 750 was considered, due to the
consumables required.

The available routines present in TRNSYS were used in combination with the routines presented
in [6] for the hydrogen subsystem proton exchange membrane (PEM) electrolyzer, PEM fuel cell,
and metal hydride storage tank), the desalination subsystem (reverse osmosis -RO-unit and water
tank), and the rest of the microgrid components. The ORC engine was modeled based on the results
obtained through the experimental investigation of the unit, and for the geothermal source assumed at
95 °C, an output of 3.35 kW, was considered [2]. The simulation timestep used was equal to 15 min
and the simulations ran for a whole year.

In total 4 case studies were investigated. Since the ORC unit that was been developed could form
a grid, batteries and a grid-forming inverter were considered for all case studies. The configuration of
each case study is presented in Table 1. Case Studies 1, 2, and 3 are essentially the currently investigated
solutions, comprising PVs and wind turbines. Case Study 4 is where the geothermal ORC engine
was investigated.

Table 1. Autonomous Polygeneration Microgrid (APM) configurations.

Case Study No.  PVs Wind Turbines  Geothermal ORC
1 X

2 X
3 X X
4

2.2. Microgrid Configuration

Based on the case study described in the previous section the designed APM is presented in
Figure 1. Depending on the configuration investigated some of the power generation components may
not have been used in that particular configuration. The components were:

e PVarray: A typical monocrystalline silicon PV array was considered.
e  Wind turbine: A typical 7.5 kW direct current (DC) wind turbine was considered.
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e Desalination unit: A custom reverse osmosis (RO) desalination unit equipped with hydraulic
energy recovery was considered. One such unit was experimentally tested at the Agricultural
University of Athens [13].

e  Fuel cell: A typical proton exchange membrane (PEM) fuel cell was used [6].

o Electrolyzer: A typical PEM electrolyzer supplying hydrogen at high pressure (~15 bar)
was considered [6].

e  Low-pressure (<30 bar) hydrogen storage tank: A typical tank was used.

e Hydrogen vehicles: Hybrid fuel cell battery scooters were considered. These were assumed to
have a fuel consumption of 2.4 Nm? of Hy/100 km [6].

e Power inverters: Typical commercially available microgrid inverters were considered [6].

e  ORC engine: The unit presented in [2] was considered. This unit produces 3.35 kW, when fed
with a temperature of 95 °C.

Photovoltaic
Array and
Inverter

AC BUS I - l l
. . PEM Fuel PEM L Desalination
Grid Forming Inverter / Cell Electrolyzer i Unit
Battery Charge Controller
1 : .
]

Wind Turbine ORC engine Electrical
and Inverter and inverter Load

hid

T
|

I : h 4
1 .4 .

DC BUS Low pressure hydrogen tank ] - | Water Tank
i .
|
[ : ¥
- . Potable
Battery Bank Hybrid Fuel Cell - Battery b Water
scooters Consumption
— Electricity Flow ~ ++++** > Water Flow -~ — =) Hydrogen Flow

Figure 1. Schematic presentation of the autonomous polygeneration microgrid.

2.3. Energy Management System

The APM topology is a complex one requiring an advanced energy management system (EMS)
in order to operate. As discussed in the Introduction, different approaches have been developed and
utilized effectively. In this paper it was decided to use the combined approach of Petri nets (PN)
and fuzzy cognitive maps (FCM), which was presented in [6]. This EMS is able to effectively utilize
systems comprising PVs, wind turbines, and external power sources as well as the always-activated
geothermal ORC unit investigated in this paper.

3. Optimization Approach

For each configuration of the APM there were two sets of variables that needed to be optimized.
The first concerned the sizing of each of the system components, e.g., the number of PV panels, number
of batteries, rated power of the desalination plant, etc. The second set concerned the actual parameters
in the energy management system. Since the optimal set of parameters was directly correlated with
the sizing of the various subsystems of the APM, it was decided that the optimization of both sets
would take place at the same time.
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The software platform used, consisting of TRNSYS, GenOPT, and TRNOPT, allows for the
simultaneous optimization of 100 parameters and a combination of discrete and continuous variables.
The number of PV panels is an example of a discrete variable and the value of the FCM weights is an
example of a continuous variable.

PSO was used for the optimization. The parameters of the PSO utilized are presented in Table 2
and are a set that has been utilized extensively with success for APMs [6,7,9,11].

Table 2. PSO parameters.

Topology Lbest
Neighborhood size 3
Particles 20
Generations 100
Seed 0
Constriction gain 0.729
Cognitive acceleration constant 2.05
Social acceleration constant 2.05

The optimization was techno-economic. The designed systems needed to meet the needs in
electricity, potable water, and transportation fuel at 100% throughout the year. As such the optimization
process aimed to design the system with the lowest net present cost (NPC) while at the same time
fulfilling all technical constraints. The technical constraints set were:

e  The lithium ion batteries are not discharged more than a state of charge (SOC) equal to 5%.

e  There is no water shortage. This in turn means that the potable water tank never gets empty.

e  There is no hydrogen fuel shortage. This in turn means that the hydrogen metal hydride tank
never gets empty.

e  The stored potable water in the water tank and the stored hydrogen in the hydrogen metal hydride
tank at the end of the year have equal or larger quantities stored in comparison with the beginning
of the year.

The technical constraints were monetized using a simple process. When all the technical constraints
were met for all timesteps of the yearly simulation then the penalty related to them was zero. For each
timestep for which a single technical constraint was not met, a monetary penalty of EUR 1,000,000 was
added to the net present cost. The optimization cost function (CF) was thus formed as follows:

8760 8760 8760
CF=NPC+ Y Py(t)+ ) Pr(t)+ ) Pwl(t) +Ps
t=1 t=1 t=1

where:

NPC: net present cost for a 20-year period;

Py,: battery penalty;

Pipp: hydrogen penalty;

Py: water penalty; and

Ps: tanks penalty.

The above equation was modeled in TRNSYS with new subroutines written in order to realize
the specific penalties (battery, hydrogen, water, and tanks). GenOPT was used for implementing the
particle swarm optimization process. GenOPT is written in Java and the code is available. The GenOPT
software is provided under a modified BSD license [53].

4. Case Study Results

The optimization boundaries for each variable for each of the case studies and the corresponding
results are presented in Tables 3-6. The boundaries of the search space for each case study were decided
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based on the experience gained upon making a number of test simulations for each configuration.
Especially for the system in Case Study No. 4, it was assumed that two ORC engines were installed
with a total power of 6.70 kW; test simulations showed that a system with one engine was unable to
meet the set load. Table 7 presents the NPC of each of the four case studies, along with key data for
each optimized system. The variables SOCL and SOCM are related to the Petri net and the weights
(Wh) are related to the fuzzy cognitive map as analyzed in [6].

The results of the first three case studies were in line with expectations for such a system. The cost
of PVs has been decreasing considerably throughout the past decade and as such it makes sense to
have larger PV arrays powering loads that can be scheduled during the day, storing as little energy in
the battery bank as possible. For Case Study No. 1, which had only PVs installed, the optimization
provided a system with a very large PV array and the minimum feasible battery bank. This means that
the electrolyzer and desalination units operated mostly during daylight hours. While it was assumed
that enough land space was available to install any size of PV array in this study, it has to be noted that
many times, especially in the developed world, land comes at a cost or simply might not be available.
A 45 kWp PV array utilized in Case Study No. 1 would roughly need 1350 m2. A fuel cell was utilized
as a backup power source.

Milos has high wind potential. Due to the intermittent character of wind, a large battery bank
coupled with large hydrogen and potable water tanks is needed to ensure that the loads are met
throughout the year. As such, it presents a higher NPC in comparison with the PV-only system in Case
Study No.1. This system also utilized a fuel cell as a backup power source.

Table 3. Case Study No. 1—PVs only.

Variable Lowest Value = Highest Value Step Optimal Value
System Components
2.56 kWh 48V LiFePOy batteries 1 20 1 10
Typical modules rated at 180 Wp each 250 320 2 250
Rated power of the fuel cell (W) 0 1500 100 600
Rated power of the electrolyzer unit (W) 500 3000 100 2500
Low preczsl;l;:fitl;y&(r)ffgft;rzl; storage 25 40 25 35
Desalinated water tank volume (m?3) 5 50 5 45
Rated power of the desalination unit (W) 1200 2500 100 2200
Energy Management System Variables
SOCL 20 32 1 29
SOCM 43 67 1 43
W13 -1 0 Continuous —-0.52
W14 -1 0 Continuous -0.94
W15 0 1 Continuous 0.62
W23 0 1 Continuous 0.30
W24 0 1 Continuous 0.77
W25 0 1 Continuous 0.38
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Table 4. Case Study No. 2—wind turbines only.

9 of 20

Variable Lowest Value  Highest Value Step Optimal Value
System Components
2.56 kWh 48V LiFePOy, batteries 1 40 1 25
Typical 7.5 DC wind turbine 3 9 1 5
Rated power of the fuel cell (W) 0 2000 100 200
Rated power of the electrolyzer unit (W) 500 3000 250 3000
Low prii?;figygéffr; ft‘i‘{nzl; storage 25 40 25 325
Desalinated water tank volume (m?) 5 50 5 50
Rated power of the desalination unit (W) 800 2500 100 1500
Energy Management System Variables
SOCL 20 32 1 30
SOCM 43 67 1 67
W13 -1 0 Continuous -0.90
W14 -1 0 Continuous —-0.99
W15 0 1 Continuous 0.07
W23 0 1 Continuous 0.26
W24 0 1 Continuous 0.93
W25 0 1 Continuous 0.13
Table 5. Case Study No. 3—PV and wind turbine hybrid.
Variable Lowest Value  Highest Value Step Optimal Value
System Components
2.56 kWh 48V LiFePO, batteries 1 25 1 4
Typical modules rated at 180 Wp each 10 150 2 150
Typical 7.5 DC wind turbine 1 4 1 2
Rated power of the fuel cell (W) 0 2000 100 0
Rated power of the electrolyzer unit (W) 500 3000 100 1900
Low Przs;:;gy&ffg ft‘g; storage 25 40 25 125
Desalinated water tank volume (m?) 5 50 5 10
Rated power of the desalination unit (W) 800 2500 100 1600
Energy Management System Variables
SOCL 20 32 1 29
SOCM 43 67 1 43
W13 -1 0 Continuous —-0.66
W14 -1 0 Continuous -0.08
W15 0 1 Continuous 0.68
W23 0 1 Continuous 0.66
W24 0 1 Continuous 0.53
W25 0 1 Continuous 0.62
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Table 6. Case Study No. 4—Geothermal ORC.

Variable Lowest Value  Highest Value Step Optimal Value
System Components
2.56 kWh 48V LiFePO, batteries 1 5 1 1
Rated power of the electrolyzer unit (W) 500 1800 250 1000
Low precsas;;ceitlr;ygéﬁaezft?{r;l; storage 25 75 25 5
Rated power of the desalination unit (W) 800 1800 100 1100
Energy Management System Variables
SOCL 20 32 1 23
SOCM 43 67 1 67
W13 -1 0 Continuous —-0.04
W14 -1 0 Continuous -0.20
W15 0 1 Continuous 0.61
W23 0 1 Continuous 0.44
W24 0 1 Continuous 0.30
W25 0 1 Continuous 0.60

Table 7. Comparative presentation of the case studies” optimization results.

No. 1 No. 2 Wind No. 3 PV and Wind No. 4 Geothermal
PVs Only Turbines Only Turbine Hybrid ORC Only
Net Present Cost (NPC) (EUR) 168,052 207,852 125,602 73,202

PV (kWp) 45.00 - 27.00 -
Wind turbines (kW) - 37.50 15.00 -

ORC engines (kW) - - - 6.70

Batteries (kWh) 25.60 64.00 10.24 2.54

Electrolyzer (kW) 2.50 3.00 1.90 1.00

Hydrogen storage tank (Nm? Hy) 35 32.50 12.50 5.00
Fuel cell (kW) 0.60 0.20 - -

Desalination unit (kW) 2.20 1.50 1.60 1.10
Potable water tank (m?) 45 50 10 5

The hybrid system of Case Study No. 3 performed better, as expected, with a lower NPC in
comparison with PV-only or wind turbine-only systems, since statistically there is a chance that wind
power is available when solar is not and vice versa, leading also to decreased need for battery bank
energy storage as well as hydrogen and water tanks. In a location where a geothermal source was
not available, the hybrid system would have been selected if there had been sufficient wind potential,
or the PV-only system in any other location. Due to the hybridization of energy generation, a fuel cell
was not needed under this configuration.

The ORC engine-based APM outperformed the other configurations by a large margin. The hybrid
APM, which was the next best solution, presented a 72% higher NPC. The constant power production by
the ORC engines minimized the need for a large battery bank or hydrogen and water tanks. The battery
and tanks utilized were essentially used as short-term buffers. As far as the optimization of the EMS
variables is concerned, it is clearly presented that different parameters provided better results for the
size of the specific components in each configuration.

Optimizing the EMS at the same time as sizing the various subsystems ensures optimal and
cost-effective system design. As is observed from the results, a different set of the EMS parameters was
chosen for each of the configurations to provide optimal operation.

The main use of the hydrogen subsystem was to provide fuel for transportation. At the same
time, though, the inclusion of a fuel cell was investigated for the case studies that included intermittent
power sources. The cost of a fuel cell is still high and it has to compete with the decreasing cost of
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lithium batteries. As such in Case Studies 1 and 2, a low-power fuel cell was used as an emergency
backup system. In the hybrid system, a fuel cell backup was not needed at all. Figure 2 presents the
stored hydrogen throughout the year in the hydrogen tank for all four configurations of the APM.
As can be seen, the ORC system (Case Study No. 4) used the tank the same way throughout the year,
since power generation was steady and constant, essentially having only a daily variation. For the
other three systems, depending on the output of the PVs and wind turbines, the tanks were used
for longer-term storage, as is visible in the spikes when the tanks got near to empty, while the daily
variation was comparable to the ORC engine system. The size of the tank in each system ensured that
hydrogen demand was met throughout the year and that the hydrogen stored at the end of the year
was equal to or higher than the quantity stored at the beginning of the year.

Stored Hydrogen
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20 A I I | I |
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Months of the year
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Figure 2. Stored hydrogen throughout the year.

The seawater desalination sub-system presents the option for longer-term energy storage in the
form of desalinated water. The first two case studies sized the water tank at or near the maximum
considered size, essentially using a tank able to meet the water load for over 10 days as presented
in Figure 3. A tank larger than 50 m® was not considered in the optimization process due to logistic
issues involved in transporting such a tank to a remote location. In the PV-only and wind turbine
APMs, the water tank was used for longer-term storage. The hybrid system managed to operate
effectively using a much smaller water tank. Finally, the ORC engine-based system was able to operate
effectively with a lower rated desalination unit and an even smaller potable water tank due to the
constant power production.

For each configuration, typical days are presented. For the first three cases, a good day (surplus
power generation), an average day (average power generation), and a bad day (low power generation)
were chosen. For the ORC case study, only one day is presented, since power generation was constant
throughout the year. These days were different for each system, since effort was made to choose days
that highlighted the operation of each configuration more effectively. Since different intermittent
sources were used in each configuration, the use of the same days for all systems would not succeed
in highlighting the specific operational characteristics of each configuration. Figure 4 presents Case
Study No. 1, which was equipped only with PVs. The first day chosen was 17 May and, as is visible,
the power output from the PVs was high throughout the daylight hours of the day. Since there was a
surplus of power, both the electrolyzer and the desalination unit were operated to produce the needed
water and hydrogen. This was preferred to running these devices during the night, since battery use
has a higher overall cost and lower efficiency than using the power as it is produced from the PV array.
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Figure 4. Case Study No. 1—PV-only APM characteristic days.

12 of 20

The second day was 10 December. During this day there was some power production from the
PV array. The SOC of the battery started the day at around 80% then decreased to 60% as the battery
supplied the needed power. Then as the PV array started to produce power, the SOC increased again
until the battery bank was fully charged. The third day was 19 December. The SOC was around 30%
at midnight and decreased further. The EMS activated the fuel cell at 01:30 a.m. to decrease the rate of
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discharge and was deactivated when the PVs started to produce power. The PV produced power was
very low this day, but still enough to charge the battery bank. The EMS activated the electrolyzer and
desalination unit in partial load, still allowing the SOC of the battery bank to increase. When the sun
set the electrolyzer and desalination unit were deactivated.

Figure 5 presents three days for Case Study No. 2, which was equipped only with wind turbines.
The first day was 2 February. During this day the wind potential was very high and the wind turbines
operated near their maximum power output point from early in the morning until late at night.
Both the electrolyzer and desalination units were activated and the battery bank remained practically
full throughout the day. The second day chosen for this system was 28 June. During this day there was
practically no power production from the wind turbines from midnight until about 11:00 a.m., and the
battery SOC was very low. As such the EMS activated the fuel cell as an emergency power source to
act as an emergency backup system. Due to this the system managed to continue meeting the load.
As the produced power increased the SOC increased as well and in the evening both the electrolyzer
and desalination units were activated.
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Figure 5. Case Study No. 2—wind turbine-only APM characteristic days.
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The final day was 31 October. While the production from the wind turbines was not high in relation
to their rated power, there was constant production, which was able to meet the load. The desalination
and electrolyzer units operated throughout the day in variable operation points.

The hybrid system aimed to couple two intermittent sources based on the fact that solar and wind
potential have a different profile in time. The first day presented in Figure 6 was 12 March. During this
day the wind turbines did not produce any power and the weather was cloudy, leading to non-optimal
PV power production. Still, the PV array was large enough to produce enough power to charge the
battery bank and allow both the desalination and electrolyzer units to operate throughout the day and
until late in the evening. When the SOC started to decrease again the EMS deactivated the electrolyzer
and decreased the point of operation of the desalination unit. During the late hours of the day, the wind
turbines started to produce power again and the discharge rate of the battery bank was decreased.
The second day chosen was 17 May, which was a really good day since both solar and wind potential
were high. The battery bank remained practically full throughout the day and both the electrolyzer
and desalination units were activated at full load. The last day was 1 October. The PV production
throughout the day was good, but the power output of the wind turbines was low and only for a few
hours in the day. The battery bank was discharged until sunrise, meeting the electrical load of the
households with the desalination and electrolyzer units deactivated. As the SOC increased due to the
PV-produced power, the desalination and electrolyzer units were also activated, initially at full load
and then at partial load as the sun started to set.

The ORC engine-based system did not present an intermittent power output. The variability
in the operation of this system was only related to load variability between days. The system was
equipped with only one battery (48 V/2.56 kWh). The date 7 June is presented in Figure 7. As can be
seen, the electrolyzer and desalination unit were activated throughout the day. As the load of the
households changed, the EMS changed the point of operation of the desalination and electrolyzer
units in order to not discharge the battery bank considerably. Due to this fact, lower power rating
electrolyzer and desalination units could be utilized, which have a significant effect on decreasing the
capital cost of the system.

Finally, in Figure 8 the annually produced energy of each configuration is presented. As is clear,
while all systems met the same needs, there were great differences in the produced energy throughout
the year. This is the result of mainly two factors. The first factor is that for the systems based on
intermittent renewables, the generation and demand did not taking place at the same time. There
are two main options to address this situation: The first is to use energy storage and the second is to
increase the installed power of the system. The most common approach is to use techno-economic
optimization, since at the end of the day, the load needs to be met at the minimum possible cost,
as was also followed in this paper. Consequently, the balance between generation and storage has to
do with the pricing of the various components installed. This is why the hybrid system presented
lower NPC than the PV-only system, even though it had to produce more energy to meet the load.
As is understandable, the excess energy is wasted because it does not make sense cost-wise to store
it. The constant output of the ORC engines essentially waives the need for energy storage beyond
buffers that ensure optimal operation. It has to be kept in mind that one of the technical constraints of
the optimizations is that the load is met at all times throughout the year, which essentially simulates
grid-like performance.
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5. Discussion

The APM topology was developed aiming to meet the needs in a remote area in a holistic and
sustainable manner with applications both in the developed and the developing world. In principle any
power source can be used in this topology, but the most commonly used ones are PVs followed by wind
turbines, since other power sources such as geothermal energy are not available everywhere. Moreover,
it has been only in recent years that ORC engines with low power ratings (<10 kW,) able to use
low-temperature intake (<100 °C) have been introduced to the market. It has to be highlighted that the
power output of the ORC engines is dependent on the temperature of the heat source. The unit utilized
in this study produces 3.35 kW, at 95 °C, which almost doubles at 6.83 kW, at 120 °C [2]. This means
that for a 120 °C geothermal source, a second engine would not be needed, further decreasing the
cost. At the same time research for geothermal sources has been taking place globally for decades.
Many geothermal wells opened for testing purposes remain unused due to many reasons, some of
which include lower temperatures and geothermal potential than initially anticipated, a better source
being found in the greater area of exploration, or use for only heating applications. Any existing
low-enthalpy geothermal well can be potentially used for low-power applications such as the one
proposed in this paper. While one of the assumptions of this paper is the presence of a geothermal
well, the results leave sufficient room for including well-related costs and the investment is still more
cost-effective than the alternatives.

As was clearly shown in the results of this paper, a system based on an ORC engine minimizes
battery bank size, which in turn minimizes the operation and maintenance costs of microgrids, which
can ultimately also increase the real operational life of these systems. On the matter of resilience of
these systems in the case of a component failure, all configurations investigated perform comparably,
since most of the hardware is the same. The major challenge faced in such microgrids is the remoteness
and how easy it is to access the location. In any case, the employment of an intelligent demand-side
management system such as the one presented in [7] can allow progressive load shedding instead of a
complete blackout, ensuring that key loads remain powered.

In the developing world, many development-aid financing programs in the past decades focused
on providing autonomous PV-battery systems, but did not include any provisions for long-term
maintenance of these systems. This proved to be of high importance since lack of funds to exchange
the battery banks was and still is one of the most common reasons for stranded non-operational
autonomous systems in Sub-Saharan Africa [54]. The current trend is also to facilitate productive uses
of energy applications while providing electrification to communities in order to increase economic
activity and ultimately the income of the local population [55]. Agricultural loads such as milling
for on-site production of flour, ice making, or water pumping coupled with a tank can be scheduled
anytime throughout the day. This can further decrease the need for large battery banks, since optimal
scheduling is feasible, increasing the applicability and cost-effectiveness of geothermal ORC engine
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use [56]. Finally, several different possibilities can be applied to finance an off-grid rural ORC system
in a developing country, with the most commonly used options being private financing, financing
through the power utility, government financing, and public—private partnerships [40].

Finally, as far as the environmental sustainability of the system is concerned, the geothermal ORC
system needs a much lower capacity battery bank. Moreover, it is not oversized in terms of installed
power, which is the reality of systems based solely on intermittent renewable energy sources. This has a
direct positive impact in terms of sustainability in comparison with the rest of the investigated systems.
As was presented in the introduction, there are concerns related to geothermal power production, but it
has to be noted that these are also related to both the installed power of the system and the temperature
of the geothermal water. In this case the ORC engine is of very low power and the temperature of the
source is low (~100 °C). Finally, H,S and geothermal water effluent can be utilized in a sustainable
way in agriculture-related activities around the served community as a fertilizer and for irrigation
after pre-treatment.

6. Conclusions

This paper investigated the use of small-scale low-enthalpy geothermal power generation through
an ORC engine in the APM topology. The availability of commercial small-scale (<10 kW,) ORC engines
operating at low temperatures (~100 °C) is starting to increase, the costs have a potential to decrease,
and due to the low complexity of these machines, they could be manufactured even in developing
countries. The results of this paper show clearly that the use of these engines is very cost effective and
competitive to PVs and wind turbines in microgrids technically, economically, and environmentally.
The field of application of these results is immense and very crucial both for the developed and the
developing world, contributing to the sustainable development of these communities. Follow-up work
will include the investigation of the applications of an APM using low-enthalpy geothermal energy in
Sub-Saharan Africa, encompassing productive uses of energy and household electrification.
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Nomenclature

APM autonomous polygeneration microgrids
AC  alternating current

CF  cost function

DC  direct current

EMS energy management system
FCM  fuzzy cognitive maps

NPC net present cost

ORC  Organic Rankine Cycle

Py battery penalty

PEM proton exchange membrane
Py hydrogen penalty

PN  Petrinet

Pg tanks penalty

PSO particle swarm optimization
PVs  photovoltaics

Py water penalty

RO  reverse osmosis

SOC  state of charge

Wn  weights of the FCM
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