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Abstract: Currently, electricity generation in off-grid communities is done through polluting and often
inefficient diesel generators. When renewable energies are implemented, they are often coupled with
chemical batteries, whose specificities do not fit well with remote and harsh environments. As a more
sustainable alternative, this paper looks at micro pumped hydro energy storage coupled with solar
photovoltaic production. Rural electrification in Colombia is selected as the best potential context
for such a solution. Several electrical machines are considered for energy conversion (associated
with one pump also utilized as turbine for robustness and cost reasons) and rated over-dedicated
criteria: reactive power, efficiency, price, flexibility of power intake, complexity, and robustness.
This sketching phase highlights two machines, induction and permanent magnet synchronous
machines, both coupled with a variable frequency drive. Two microgrid configurations are also
selected that best suit this storage technology to the needs of Colombian non-interconnected zones. A
pursuit of low-tech, robust solutions is carried in this paper for reasons of costs, maintenance, and
local appropriation.

Keywords: pumped hydro energy storage; off-grid communities; rural electrification; solar photovoltaic;
energy conversion; design

1. Introduction

Balancing electricity production and consumption is one of the main issues in a
world aiming at reducing the use of on-demand fossil-fuel-powered electrical plants. The
global trend is to increase the penetration of renewable electricity production [1], the main
technologies being wind and solar photovoltaic. Such technologies are intermittent and
present challenges in the predictability of resources in time. Hence, to provide the same
service as the thermal plants they are replacing, one needs storage to meet the demands in
times of insufficient production if no other flexibility lever is available.

The main storage technology for power systems is reversible pumped hydro (PHS).
It is a mature technology with the first plant starting its operation in 1907 in Switzerland
and being widely spread by the 1930s in the industrial countries of Europe and Northern
America. As of 2017, it represented 97% of installed power [2] and 97% of generated
electricity from storage [3]. Most facilities are of a high-power rating (>100 MW) [4],
present a round trip efficiency of around 75 %, and have a long lifespan (30 to 50 years
or more for the main infrastructure) [3]. It is a capital-intensive technology with capital
expenditures (CAPEX) ranging from 600 to 2000 USD/kW [3] and very low operational
costs with yearly operational expenditures (OPEX) from 1.5 to 2% of CAPEX [5]. This brings
the levelized cost of storage (LCOS) at 150–200 USD/MWh over a 20-year lifespan [6]. The
necessity of having an altitude elevation of around 100 m and the infrastructure to create
large artificial bodies of water make the opportunities in Europe mainly exhausted. The
main regions for PHS development are south-eastern Asia, the Americas, and Africa [7].
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Though most pumped storage hydropower plants are large and connected to wide
power grids, there is a movement to adapt this technology to small off-grid communities
that present prohibitive costs of connections to national or regional grids. In locations
where sufficient water and altitude elevation are present, it represents an alternative to
the current means of production: diesel generators [8]. This paper explores to what extent
such micro-PHS associated with a photovoltaic solar array (PV) can replace or significantly
reduce diesel dependence for isolated off-grid communities and even provide reliable and
extended electricity coverage. With more than 1900 identified communities that are not
connected to the main grid and mostly rely on diesel generators, the Colombian context is
selected as a case study because a large potential for PHS is also detected.

The paper is structured as follows. Section 2 describes off-grid communities in Colombia
(size, means of production) and discusses related operations and costs. Section 3 is dedicated
to hydraulics basic models necessary to move to Section 4, which explores how a PSH can
supply off-grid communities considering several electrical machines. Section 5 presents
the topologies and technological solutions as a function of several scenarios of integration
of micro-PHS and PV within existing diesel infrastructures. Finally, Section 6 serves as a
conclusion to the study of feasibility of PV + PHS systems and their conditions of deployment
in Colombian NIZ, overall serving as a decision-making tool to design PHS + PV systems
in off-grid communities.

2. Context of the Research
2.1. Geographical Context

The Colombian non-interconnected zone (NIZ) is the geographical zone selected for
this study. The Institute of Planning and Promotion of Energetic Solutions in the Non-
Interconnected Zones (IPSE), a public entity of the National Order, affiliated with the
Ministry of Mines and Energy of Colombia, promotes and finances renewable energy
projects in these zones as well as tracks existing electricity generation facilities. Based on
their activities, the IPSE provides relevant numbers for the studied areas with the help
of other Colombian public institutions. Colombian NIZ spans over 600,000 km2 (53% of
the country’s area), and 273 MW of installed power generates 387.8 MWh per year. It is
home to almost 730,000 households, of which 500,000 do not have electricity coverage at
all, spread over 1772 communities and villages (see Figure 1) [8]. Despite the Amazon
representing the largest territory and the one furthest from the main population centers
and infrastructure, the majority of communities and populations in NIZs are located in the
Pacific region [9]
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2.2. Energy Mix and Consumption Profiles

The IPSE and the Colombian National Center for Monitoring (CNM) also provide
detailed data on the 1772 identified communities as of 2021. A total of 97% of communities
are powered by diesel gensets only, and 1% by renewable energies.

To further add to the data on diesel gensets: the average total installed power in a
community is 150 kW (median 40 kW), 90% of communities less than 115 kW, and 95%
under 170 kW. An important point in Table 1 is the 71 localities with 0 h of electricity
coverage. This means a full month without any power whatsoever. A total of 48 can be
attributed to fuel shortage and 18 to diesel genset failure. Other communities may have
experienced short blackouts (1–2 days) but are not counted in the 0 h category. The “No
Info” category signifies a lack of report from the community to the IPSE and the CNM
(either technical or administrative failure). This shows the level of energy precarity in
Colombian NIZs, knowing that they rely in general on one type of energy production
(diesel gensets) and often a single machine (see Table 2). Altitude elevation in Colombia
goes in the direction of investigating how the energy mix of those communities can be
alleviated through a PHS coupled with solar PV [8].

Table 1. Electricity coverage in Colombian NIZ.

Hours of Electricity Coverage

0 h 1–6 h 7–12 h 13–18 h 19–23 h 24 h No Info

Number of Communities 71 1278 215 4 0 75 129 *
* Note: Total communities in Table 1 is 1772 and in Table 2 is greater. The dataset from Table 2 dates from 2020 and
Table 1 from 2021. Between the two years, some communities have been connected to the national grid and hence
do not qualify as NIZ anymore.

Table 2. Number of Diesel Gensets in Colombian NIZ.

Number of Diesel Gensets

1 2 3+

Number of Communities 1708 32 20

Table 3 and Figure 2 show installed power, population and typical daily load curves
from four communities powered with a single diesel genset. They are all situated in
the south-western part of Colombia, a region where there is the biggest “reservoir” of
isolated communities in Colombia. Certain large communities possess their own airstrip
but ultimately the last leg of the journey must be made by boat going upriver from the
Pacific Ocean towards the Andean Mountain range. This makes the communities hard to
access but being in semi-mountainous areas they present enough elevation differential near
the village to host valuable resources for PHS. Colombia already relies heavily on hydro
for its national grid electricity production [10].

Table 3. Population and installed power of four NZI communities in South-western Colombia.

Community Aguacatal Mulatos Chete Limones

Installed Power (kW) 25 40 98 118

Number of Households 150 112 167 350

The peak load of each community is always situated around the evening hours,
especially when their electricity coverage is limited to those few hours. It can be observed
by comparing Table 3 and Figure 2 that peak loads rarely reach the rated power of the
installed genset, which means overconsumption as the generator is used in non-optimal
conditions (see Section 2.3). Note that rapid ups and downs ramps are observed in the
consumption and that fluctuation of the load is not important once the permanent regime
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is established. The coverage hours are all situated in the evening. Local communities prefer
to have access to power and lighting during these hours rather than during the daytime
or before dawn. A sample size finer than hourly loads would be needed to implement
them in a simulation environment. However, getting load profiles of small communities
(installed power under 100 kW) is difficult because measurement and supervision tools
for microgrids are not commonly installed. It is an objective of the IPSE to equip as many
communities as possible for better transparency in the years to come [11].
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2.3. Diesel-Based Generation

As seen before, diesel gensets are the most widespread means of electricity generation
in Colombian NIZs. Such generators supply power to a village or a community usually in a
standalone mode, which means they need to regulate the frequency and voltage as well as
provide reactive power to the local microgrid. The most common solution is to associate a
diesel engine with a self-excited synchronous generator. The throttle is managed to control
the intake of gasoline and henceforth the torque since the rotational speed remains constant
at a frequency multiple of 50 or 60 Hz depending on location. The controller also manages
the DC voltage on self-excited windings of the rotor that creates the magnetic flux and, in
the process, maintains a constant voltage at the output of the generator. This is called an
automatic voltage regulator (AVR) [12,13].

In the case of multiple diesel generators being connected simultaneously, whether
their size varies or not, a droop control method is needed to share power between operating
generators [14,15]. Further algorithms control the start and stop of additional generators in
the rare cases where communities are large enough to host multiple generators without
being connected to the utility grid, with the obvious exception being islands [16]. As seen
in Table 2, this case is in a minority compared to single genset villages.

As seen in Figure 2, consumption sharply rises to a peak and stays there for the
duration of coverage (larger villages see more fluctuation). The diesel generator thus
should be designed for this peak of consumption. It is observed that the peak load is
always far lower than the rated power of the genset. This causes the genset to operate in a
degraded mode where the fuel consumption per kWh increases [17,18] as shown in Table 4.
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Table 4. Efficiency and Fuel Consumption as a function of Fraction of Nominal Power.

Percentage of Nominal Power Pn (%) 100 80 60 40 20

Efficiency (%) 38 37 36 30 22

Fuel Consumption
(g/kWh_electric) 230 235 240 280 400

Gensets are a simple solution requiring low to medium investment capabilities (CAPEX
450–750 USD/kW [19]), small infrastructures, and light transportation to the site. How-
ever, the reliability leans heavily on access to fuel, whether through a robust supply chain
or low-enough prices, and the capacity of the operator to successfully maintain the gener-
ator. This induces high operational costs that have the other disadvantage to show great
fluctuations. The yearly fixed OPEX is equal to 2–4% of CAPEX plus 0.3–0.5 USD/kWh of
fuel [20]. This method of electricity generation also has a high carbon content (around
1200 g CO2/kWh [21]) which is problematic knowing the effort that must be put into
mitigating climate change. Overall diesel costs per kWh of electricity in Colombian NIZs
can be found in the Superintendencia de Servicios Públicos Domiciliarios (SSPD) costs
report for early 2022. It is a public entity publishing data of private businesses providing
public services such as electricity coverage in NIZs. Such costs amount to 0.4231 USD/kWh
on average [22]. The scientific literature puts these costs in the 0.4–0.5 USD/kWh range for
Colombian NIZs [23,24].

2.4. Tolerances in Voltage and Frequency in Isolated Microgrids

Local and islanded microgrids are more unstable than regional continental grids [16].
This transpires in more frequency/voltage variations and interruption of coverages leading
sometimes to blackouts. As a result, in small communities, such as in islands, a less strict
grid code operates. The Comisión de Regulación de Energía y Gas (CREG), a public entity
of the Colombian government regulating electricity prices and quality, tells us that in NIZs,
a variation of ±1% around the base frequency of 60 Hz is tolerated as well as ±10% around
base voltage of 220 V [25].

The traditional context of NIZ communities in Colombia is set. In the next section,
hydro pumping and turbining technical constraints are detailed in order to advance fur-
ther discussion on how an isolated PHS can replace or join a diesel microgrid and for
what benefits.

3. Pumped Hydro Generator

The PHS solution is preferred to chemical battery storage in Colombian NIZs for
several reasons. Lithium-ion, sodium, or lead are the main technologies on market for
static off-grid storage [26]. The depth of discharge of PHS is unaffected by usage condi-
tions, unlike batteries that see it diminishing with temperature and repeated cycles [27,28].
Battery lifetime is greatly affected by working conditions for chemical batteries; increasing
the working temperature from 20 ◦C to 30 ◦C cuts in half the total cycles a battery can
provide [28–30]. PHS lifetimes exceed 20 years when batteries rarely go over 10 (when
maximum cycles are not attained beforehand) [20]. As previously seen in Figure 1, NIZ
communities are in Coastal or Amazonian regions with high humidity (>75%) and temper-
atures that do not drop below 25 ◦C year-round. These conditions are not ideally suited for
chemical battery use. Furthermore, PHS systems do not heavily rely on critical minerals
such as lithium and cobalt as batteries do [31,32].

In the specific case of the micro-PHS developed by STEPSol, reservoirs are closed
cisterns made of geo-textiles and consequently, the water flows in a closed loop, preventing
evaporation and further filling [33]. Being more low-tech storage than batteries, it is,
therefore, easier for the local community to appropriate the technology of this micro-
PHS and learn how to maintain it. Pumps, reservoirs, and valves are simple mechanical
components compared to more complex power electronics bits. The community can



Sustainability 2022, 14, 16734 6 of 18

also get involved in the construction of the reservoir and trench for the pipe connecting
the two reservoirs. Finally, experience from microgrid operators shows that batteries,
coming in small modular blocks, can be prey to thieves when water reservoirs and heavy
pumps/turbines are not. The low-tech philosophy is relevant for such installations. In
the context of micro-PHS, reversible centrifugal pumps (or PATs) become a good solution,
as common agricultural devices, sometimes recycled from former usage, can be installed.
It also presents the advantage of using one machine for pumping and turbining, hence
making the system simpler.

However, in an artificially closed loop circuit with fixed physical factors (roughness,
shape, and length of the pipe, and altitude difference between the two ends of the system),
a pump presents a single point of duty, as shown in Figure 3. This single point of duty
is a function of the pump design (diameter of the wheel, number of stages, etc.), and the
pump’s operational characteristics (rotational velocity, the power drawn, etc.). Hence, the
pump works at a unique flow and the storage can only absorb a constant power. This lack
of flexibility could question the relevance of micro-PHS implementation to answer isolated
communities’ electrification issues.

There are several methods to change the point of duty, thus allowing for more flexible
use of the pump.

Two pumps running in parallel allow flexibility by powering one or both, see Figure 4.
Hence, the system operates at three different flow rates (and hence power intakes). This,
however, demands a start/stop strategy for all pumps in parallel and the purchase of
multiple components. Too frequent start and stop cycles can also damage pumps over
their lifetime [34] and certain pump manufacturers recommend a limit ranging from five
per hour to one per day [35]. Mechanical constraints are less prevalent when a variable
frequency drive (VFD) is used [29].

A variable frequency drive (VFD) is another efficient way to get flexibility, by con-
trolling the frequency of the current fed to the motor of the pump. Hence, the rotational
speed of the pump changes, modifying its operation curve, its power intake, its flow rate,
and its efficiency. This allows the following maximum efficiency of the pump for different
flow rates and improves the overall flexibility of the pump in the function of its usage, see
Figure 5. In the context of PHS, this control allows the pump to track the variation of solar
production for instance.
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In the ever more particular case of a stable head, it can turn the pump into a variable
power absorber for solar production, always adapting its power intake and pumping water
as the sun goes. The same is possible in turbining mode, where the rotational speed of the
electrical machine needs to be controlled by the variator to reach the desired power (i.e., the
community load) respecting standard frequency and voltage. This solution is the most
flexible and efficient one. Though it necessitates only one chain variator/motor/pump, it
is the most expensive and high-tech solution, requiring power electronics with the same
rating as electrical machines. This piece of power electronics presents efficiencies of over
90% at medium power ratings (10 < P < 100 kW) and more than 95% at high power ratings
(>100 kW) [36].

A third solution relies on mechanical hydraulic control by way of valve throttling. The
idea is to insert a valve after the pump exhaust and gradually close it to add friction.

Throttling the valve changes the system curve by adding a friction head and hence
changing the functioning point of the pump (flow rate and power absorbed), see Figure 6.
This rudimentary method can be used to regulate the flow rate and hence change power
intake. This method generates major friction resulting in hydraulic losses, but it is purely
mechanical and necessitates few electronic controls (thus presenting improved durability
and decreased cost). It works the same in pumping and turbining modes and has been
proven to be a robust solution over the years. The solution mandates, however, that the
pump functions at higher heads due to the throttling of the valve and the choice of both
components will be critical in the flexibility of the installation. This is the reason why, for
grid-connected large industrial applications, a VFD is preferred.
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Based on the presented advantages and disadvantages of the main existing PHS
solutions, in this paper only one reversible centrifugal pump associated with one electrical
machine is considered, hence limiting the options to throttling valves and VFDs. The
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literature gives estimations for off-grid PV + PHS (eventually coupled with diesel and
chemical batteries) using PATs with peak consumptions of villages under 100 kW. The prices
for such systems ranges from 0.16 to 0.373 USD/kWh which means they are competitive
with diesel-only systems, hence making the PHS storage an economically viable solution
for our Colombian NIZs [37–39]

4. Designing the PHS with Electrical Machines

In this section, technical solutions for the electrical machine of the PHS are explored.
Pros and cons are discussed for each machine as a function of the configurations cited
in Section 3.

The electrical machine which can work in generator or motor mode is directly coupled
to the reversible pump/turbine. No mechanical reduction or gearbox is used to change
rotational speeds. Depending on the electrical machine and the configuration it is placed
on, a variable frequency drive may be needed. A throttling valve is present between the
reservoir and the pump, not only as an overall security device but in some cases as a
regulator used in the machine control. A schematic gives an overall view of the system
in Figure 7.
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4.1. Machine A: Asynchronous Machine (ASM)

The first electrical machine explored is the most widely used in the industry: the
induction motor, also called the asynchronous motor (ASM).

4.1.1. Machine A-1: ASM Directly Connected to the Grid

The ASM is inherently self-starting both in pumping and turbining mode, but the
machine cannot generate its reactive current in generator mode [40–42]. An external source
is needed (such as a capacity bank [40]). Current spikes in rotor bars can be solved with a
simple “Star/Delta connection” [43]. It is overall a simple and robust machine produced in
large series, presenting decent efficiencies (80–90% even for low-quality motors [44]) but
lacking flexibility (only valve throttling is possible which induces greater losses than a VFD
and demands oversizing the pump and henceforth the machine) and suffering sensitivity
to voltage variations. It is a cheap solution but lacks the advanced capacities for a true
standalone system to replace a diesel-based grid.

4.1.2. Machine A-2: ASM with a VFD

The coupling of the ASM with a variable frequency drive allows for a wide range of
rotational speeds for the motor. This AC/DC/AC static converter must be rated slightly
above the machine’s nominal power. The efficiency of the converters is above 90% for a
frequency change between 50 and 100% but degrades rapidly under that [45]. This solution
provides great flexibility for an association with a pumping device (see Figure 5) and allows
for a larger range of power drawn from the pumping mechanism (25% to 100% of machine
nominal power [46]). This storage is more flexible and adaptable to sudden changes in sun
irradiance [47].

Solution M-A-2 expands solution M-A-1 by offering improved flexibility in pumping
mode. However, it shares the inherent lack of capacity to generate its reactive power in
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turbining mode, making it hardly suitable for total independence from a diesel generator. The
only way it can produce its reactive power is with the specific use of a four-quadrant VFD.

A slight variation is the doubly fed induction machine, which uses a VFD connected to
the rotor and rated to a fraction of the machine’s nominal power. This allows for flexibility
around synchronism speed (can go hypersynchronous, i.e., above synchronism speed [48])
but requires slip rings which are heavy to maintain. This machine was developed mostly
to handle rotor speed fluctuation, hence its use in wind turbines.

4.2. Machine B: Synchronous Machine (SM)

The second electrical machine is the synchronous machine. It is very similar to the
machines coupled with diesel gensets. The permanent magnet option (M-B-1) is first
discussed and then the more complex self-excited option (M-B-2) is considered.

4.2.1. Machine B-1: Synchronous Machine with Permanent Magnets (PMSM) Coupled with
a VFD

The rotor is equipped with permanent magnets arranged in poles magnet and will
rotate at the same speed as the stator rotating magnetic field [49]. The synchronous motor
turns at the frequency of its input current, regardless of the applied load (up to 2–2.5 times
full-load torque at which point it desynchronizes [39]). However, these motors are not
self-starting. A solution to this problem is coupling with a four-quadrant VFD. Not only
does it allow the motor to be gradually started, but it provides flexibility in generator mode.
The four-quadrant VFD can take power generated at any frequency and inject it into the
grid at the standard frequency [50]

A slight variation is the switched reluctance machine. Instead of permanent magnets,
the rotor is a complex geometrical shape made from a ferromagnetic material and takes
advantage of its natural magnetic reluctance. This machine requires high-tech frequency
drives, and cannot produce its reactive power due to the rotor not being an actual magnet [51],
but has the advantage to eliminate heat loss (no induction current in the rotor) and presents
great efficiencies [52]. It is used in some recent electric car motors but would not be a good
fit for the considered low-tech off-grid environment.

4.2.2. Machine B-2: Self-excited Synchronous Machine (SESM) Coupled with a VFD

To follow a variable load in turbining mode, a self-excited synchronous machine can
be used. This machine is similar to alternators used with gensets, with the addition of a
VFD. The VFD is crucial in pumping mode since the motor cannot start on its own. In
turbining mode, an AVR can be used along with a throttling valve. The valve regulates the
flow and consequently the frequency at which the turbine spins. The AVR modulates the
direct current fed to the rotor of the machine which modifies the magnetic field (unlike
a PMSM that has a constant field) to match the output voltage. When using the AVR in
turbining mode, the VFD is not needed. Using the VFD in turbining mode takes away the
specificity of this machine and would equate to reverting to a PMSM.

This machine offers many similarities to the ones associated with diesel gensets,
offering the same guarantees in turbining mode. It can generate its reactive power without
a four-quadrant VFD; however, this expensive piece of hardware is only needed for start-up
in pumping mode which is limited for such a high-tech device.

4.3. Machine C: Variants (PMSM + SQ and SESM + SQ): Addition of a Squirrel Cage to
Synchronous Machines, No VFD

The addition of an induction system to the rotor windings (also called a squirrel
cage) allows the machine to start as an asynchronous motor. The same precautions for
induced starting current should be taken as for ASM (through a */∆ system). This gives
the advantage of being able to start the synchronous motor without a VFD and once near
synchronism speed, to power the rotor magnetic field and lock it into synchronism speed.
Once the regular regime is attained, slip is 0% and induced currents in the metal bars of the
squirrel cage are null; therefore, it only acts as an additional inertia on the rotor when not
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damping transient oscillations [53]. To change how much power this machine draws (and
since a VFD is not present), a throttling valve needs to be used for power and frequency
regulation in pumping mode (such as Machine A-1).

For the PMSM + SQ in generator mode, the prime mover needs to keep the rotational
speed to regulate the frequency supplied to the load. The rotor magnetic field being
constant (no variability of fields with magnets), transmitted power can be regulated only
through one variable: mechanical power transferred through the turbine. This can affect the
synchronism speed. Therefore, this type of machine is perfectly suited to inject at constant
power when turbining [54]. This machine could be ideally suited for small communities
that show a constant load, see Figure 2.

As for SESM + SQ, the squirrel cage eliminates the need for a VFD (only used for
start-up in pumping mode previously). However, these machines are not standard and
would require a custom build for every site. It is the trade-off for having no power
electronics involved.

Table 5 proposes a summary of this section regarding the advantages and disadvan-
tages of all presented machines.

Table 5. Overview of Machine capabilities requirements, advantages, and disadvantages.

Electrical
Machine M-A-1 ASM M-A-2 ASM

+ VFD
M-B-1 PMSM

+ VFD
M-B-2 SESM

+ VFD
M-C-1 PMSM

+ SQ
M-C-2 SESM

+ SQ

Comments

No power
electronics

Overheating at
low speeds

Overheating at
low speeds

Rare earth con-
cern (magnets)

Redundancy of
power electronics

with AVR and VFD

No power
electronics

Rare earth con-
cern (magnets)

Small AC/DC
converter for

excitation system

Market
availability Mass production Mass production Mass production

A rare
combination of

common machines

Rarer product
than ASM

Custom
motor build

Price
range [50–53]

Motor:
90–120 USD/kW

Motor:
90–120 USD/kW

VFD:
50–70 USD/kW

Motor:
150–200 USD/kW

VFD:
50–70 USD/kW

Motor:
150–200 USD/kW

VFD:
50–70 USD/kW

Motor:
150–200 USD/kW

Motor: >150–
200 USD/kW

(since
custom build)

Frequency
regulation

Throttling valve
(constant

power output)
VFD VFD VFD

Throttling valve
(constant

power output)
Throttling valve

Reactive
power source

No
(unless capacity

bank present)

Only with
4Q VFD Yes Yes Yes Yes

Self-start
mechanism

Inherent (high
start-up current)

Inherent + VFD
allows lower

start-up currents
Obligatory VFD Obligatory VFD Inherent (high

start-up current)
Inherent (high

start-up current)

Efficiency
range [47–49]

IE1-IE4
70–90%

IE1-IE4
70–90%

IE3-IE5
85–95%

IE3-IE5
85–95%

IE3-IE5
85–95%

IE3-IE5
85–95%

Power regulation
mechanism;

Power range (%
of nominal
power in

each mode)

Pumping:
throttling valve;

25–100%
Turbining:
throttling

valve; 100%

Pumping: VFD;
0–100%

Turbining: VFD
25–100%

Pumping: VFD;
0–100%

Turbining: VFD;
20–100%

Pumping: VFD;
0–100%

Turbining: VFD
or AVR + valve;

20–100%

Pumping:
throttling valve;

25–100%
Turbining:
throttling

valve; 100%

Pumping:
throttling valve;

25–100%
Turbining:

throttling valve +
AVR; 20–100%

5. Off-Grid Infrastructure for Communities in the Colombian Context

In the context of this paper, the considered composition of the microgrid is a DC power
source (PV array), an AC consumption (village load), and a secondary power source in
AC (diesel genset) all linked with inverters interfacing AC and DC. Chemical batteries
place themselves on the DC side. It would be unwise to connect the PHS directly to the
DC bus. Classic DC motors require brushes that cause sparking and are heavy to maintain.
Brushless DC motors do not match the power rating required for this type of system. Both
are also hardly reversible. Therefore, a PHS involving rotating machines using AC is
considered, directly connected to the AC bus of the inverter, as shown in Figure 8.
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The following configurations present varying levels of diesel and renewable energy
penetration, as well as communication complexity between the generators. The configura-
tions are presented in descending order of comfort and technological complexity (then also
affordability). Their technical benefits and disadvantages are discussed below [55].

5.1. Configuration 1 (C1): Diesel-Dominated Microgrid

In the first configuration, genset is the main energy contributor to the grid as shown
in Figure 8.

In configuration C1, a centralized controller makes sure that the solar array and the
PHS follow the grid imposed by the genset. This presents the advantages of:

• Only needing a grid-tie inverter. Power flows from the solar array to the AC bus, the
genset being the grid master and grid former at all times.

• No need to tame solar production, the more is produced, the less diesel is consumed
(up to a limit talked about afterward).

• If the load exceeds the genset’s capacity + solar PV production, the PHS can switch to
turbine mode and contribute to feeding the load.

However, it has these disadvantages:

• PV production needs to be curtailed to keep the genset master on the grid, if not it
would lead to unacceptable operating conditions for the genset [55].

• There is always a genset running, which means, there is no moment where carbon is
not emitted [56]. Additionally, a diesel shortage means no electricity.

• The PHS must be able to absorb the excess power produced by PV and its variations.
This demands an accurate sizing of the PHS rotating machines and a strategy to control
power intake.

• There is a risk that the PHS runs in pumping mode with the genset, but this can be
removed through the general controller algorithms.

5.2. Configuration 2 (C2): Microgrid with an Automated Switch between All Generators

Configuration C2 proposed the widest electricity coverage. This configuration does
not need the diesel generator to be constantly running and form the grid. This prevails
with the inverter being a standalone grid-forming inverter, which is the gold standard
for off-grid solar microgrids [55], with the associated costs. In practice, the grid-forming
inverter is the central device of this microgrid. All power transits through it before being
injected into the village load. This type of inverter was originally designed to function
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alongside chemical batteries only and therefore will require a battery bank to handle power
transitions between all other means of production (hence the presence of a battery in
Figures 9 and 10). The PHS in this context is put forward as a substitute to both diesel and
chemical batteries; consequently, the coupling of a PHS with grid-forming inverters (being
a novel development led by STEPSol and Université de Corse) will look into reducing
the capacity and usage of both diesel and chemical batteries while keeping the system
functioning. Diesel not being the dominant producer, the PHS may provide most of
the power when PV fails to produce enough (overcast or at night). A relevant choice of
machinery discussed in Section 4 must be made (shown in Section 5.4).
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In C2, PHS in pumping mode serves as a power absorber to balance the load and the
solar production. Diesel is used as a last resort when solar and/or PHS fail to meet the load.
Constant control and communication between the mean of production are mandatory to
provide smooth transitions and assure 24 h coverage. This means a full power and energy
management system (PMS/EMS) which can be costly [57].
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This configuration presents the following advantages:

• A total of 24 h of electricity coverage with PHS and diesel that can take over on the
run thanks to the PMS/EMS [55].

Disadvantages are compiled of:

• Necessity to have a standalone grid-forming inverter (more expensive than a grid-tie,
also needing a small battery bank);

• Necessity to develop a specific set of PMS/EMS which (depending on the number
of variables) can be more or less expensive but mainly needs to be dedicated to each
site-specific equipment rating.

• Necessity to have a variable pumping system to maximize its use compared to chemical
batteries [56];

• The PHS must be able to absorb the excess power produced by PV and its variations.

5.3. Configuration 3 (C3): Microgrid with an Automated Switch between All Renewable Means of
Production. Diesel Only as a Backup Solution

Configuration C3 disconnects by default the diesel generator. It is used only as a
backup when solar PV or PHS cannot meet the load and is started manually. This means
electricity will be unavailable until the genset starts. The PHS still runs in variable power in
pumping mode to balance solar production and daily load. This configuration demands a
simpler management system due to diesel being out of the equation but requires the same
type of grid-forming inverter to function.

This configuration shows the following advantages:

• Diesel is only used as a backup (for overcast days and long nights);
• Simpler management system and control strategy.

Additionally, it shows these inconveniences:

• Necessity to have a standalone grid-forming inverter (more expensive than a grid-tie);
• Necessity to have a variable speed pumping system (to absorb changes in PV produc-

tion while keeping the load supplied);
• Black-out occurs when the PHS reservoir is empty. In this case, a manual black start

can be made with the genset, as most Colombian communities used to do before
having storage systems added to their energy mix;

• A full 24 h uninterrupted electricity coverage is not possible by default. It can be a
problem if the community has health facilities or other critical loads that cannot afford
to be unsupplied.

5.4. Comparing Configurations

Three configurations for a solar PV/PHS/diesel microgrid for NIZ Colombian com-
munities are compared. The first one can only pretend to reduce diesel consumption (C1)
and the other two can reduce more significantly the role of diesel generation with limited
use of chemical battery storage. In summary, it can be said:

C1 would be an easy and quick solution to reduce diesel consumption in large off-grid
communities where the solar-installed power and PHS-rated power available dwarf the
size of diesel. However as seen in Section 2, such communities are few in number and
would not represent an interesting developing market. Most communities have < 100 kW
of installed power and maximum loads further inferior to this value.

C2 is a more capital-intensive configuration and offers the closest solution to being
linked to a national main grid. It demands that PV and PHS potential be high compared to
the local consumptions and diesel power rating. It also requires communication between
all generators. This can be achieved in smaller communities with critical loads (such as
refrigeration for food and medicine). As seen in Section 2, the vast majority of communities
have installed power < 100 kW and coverage < 8 h. This solution would greatly benefit
them in attaining a level of comfort similar to those of urban areas of the country.
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C3 seems to be a middle-ground solution where few electricity shortages and cuts are
tolerable. It would be particularly suited for communities without critical loads and has
the advantage to be possibly installed regardless of genset proximity since it is not part of
the communication scheme and is used only for emergencies. This configuration concerns
almost all communities in Colombian NIZs. They do not have critical loads (having no 24 h
coverage) and would greatly benefit economically and socially from a doubling or tripling
of their coverage and energy consumption.

Possibilities offered using each electrical machine are summed up in Table 6:

Table 6. Compatibility of Electrical Machines with off-grid configurations.

C1 C2 C3

ASM Yes No No

ASM
+ VFD Yes Only with 4Q VFD Only with 4Q VFD

PMSM
+ VFD Yes Yes Yes

SESM
+ VFD Yes Yes Yes

PMSM
+ SQ Yes (constant load) Yes (constant load) Yes (constant load)

SESM
+ SQ Yes Yes Yes

In conclusion, C1 being a minor progress from a 100% diesel generation, configurations
C2 and C3 will be further investigated. C2 for its potential to bring diesel on-the-fly and
not having a temporary loss of power (comfortable solution) and C3 for its independence
from diesel and overall robustness and simplicity. These two configurations also fit with
the current needs in Colombian NIZs and would consequently make the most impact on
communities with low electricity coverage.

It is worth mentioning here that the SESM + SQ machine is the only viable one without
the use of a VFD. However, this machine is custom and seldom made. Its use could be a
direction to investigate in the future. These control strategies and technological choices will
drive future simulations and studies alongside the chosen electrical machines.

6. Conclusions

Based on the observations of electricity generation in Colombian non-interconnected
zones, together with the typical load profiles, and the necessity to be a credible alternative
to gensets (both in service and price range), this paper investigated the relevance of the
pump-hydro storage (PHS) solution. The idea was to list the main design principles of
a microgrid that would rely, depending on a set of scenarios, on a PHS system, coupled
with local PV production, some additional storage facility, and a reminiscent genset. This
was conducted to produce a decision-making tool helping the choice of specific systems to
match energy needs in certain off-grid conditions.

The evaluation was conducted in three phases. First, the Colombian context was set,
then the main design principles of a PHS system were discussed, and finally, everything was
put together to sketch off-grid infrastructures, selected to represent typical configurations
that best fit different village conditions in Colombian NIZs. The analyses showed that the
use of a permanent magnet synchronous machine with a variable frequency drive (VFD)
or squirrel cage, as well as the asynchronous machine with a four-quadrant VFD were the
technical solutions to be further investigated in the implementation of an off-grid PV + PHS
microgrid. These solutions are the ones most likely to improve electricity coverage in the
majority of Colombian NIZs.
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7. Perspective of Future Research

Numerical simulations will be carried in future works to differentiate the machines
and the different levels of comfort in each configuration. Power outages will be quantified
using SAIDI and SAIFI indicators and compared to current microgrid failures in Colombian
NIZs. Following these numerical models, physical experimentation will be made to test
such systems in real off-grid conditions and at scale.

The PAGLIA ORBA platform located in Ajaccio and belonging to Université de Corse
contains a 15 kW PHS as well as several chemical battery storage options and can switch
to “off-grid mode”, thus allowing for an experiment at scale and in exact field conditions
as isolated communities. All future results, both numerical and experimental, will be
published in following papers.
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