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1 Introduction

1.1 The AGISTIN Project
The AGISTIN project represents an ambitious endeavor at the intersection of innovative energy stor-
age, renewable technologies, demand response, and grid integration. With its focus on advanced grid-
integrated technologies, AGISTIN seeks to pave the way for a more sustainable and efficient energy fu-
ture.

AGISTIN, aims to demonstrate the feasibility of integrated energy systems combining a variety of tech-
nologies, such as renewable energy sources, electric vehicle chargers, and industrial loads, by means of
advanced grid infrastructure and hybrid AC/DC coupling. By doing so, AGISTIN aspires to showcase how
these integrated systems can deliver cost savings, improved energy efficiency, and reduced environmen-
tal impacts.

The AGISTIN project is built around three demonstrations:

1. fast charging stations of electric vehicles,

2. large pumping loads used for agricultural irrigation, and

3. green hydrogen production.

This deliverable focuses on the advanced grid interface (AGI)-integrated innovative storage applications
in large irrigation systems, which is briefly outlined in the next section.

1.2 Work package 6 and Objective of the Deliverable
Work package 6 of the AGISTIN project demonstrates the AGI-integrated innovative storage applica-
tions in large irrigation systems. In this document we explore reservoir based irrigation systems and their
potential role as active grid participants as energy storage systems in the form of pumped-storage hy-
dropower (PSH). We also analyse the use of energy storage system (ESS) to mitigate the water hammer
effects on photovoltaic (PV) pumping systems.

The objective of this deliverable is to define the methodologies to analyse, optimise and control irrigation
systems to actively participate in the grid and integrate energy storage systems.
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1.3 Structure of the Deliverable
Section 2 introduces the concepts of irrigation communities, reservoir-based irrigation systems and anal-
yses their potential energy storage use. Section 3 describes and tests the methodology developed to
analyse, size and optimise large-scale reservoir-based irrigation systems to participate in the electrical
grid as energy storage systems. Section 4 describes the water hammer issues photovoltaic pumping
systemsmay experience and develops a methodology to size energy storage systems that prevent them.
Section 5 analyses the grid services that irrigation systems could provide in their role as energy storage
as well as the considered energy storage systems to prevent water hammer issues. Section 6 describes
the formulation on which the controller is based and then discusses the implementation of the controller
in pump-based irrigation plants. Section 7 explores the fundamental AGI topologies and control strate-
gies.
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3 Optimisation and redesign for ac-
tive role of irrigation systems as en-
ergy storage in the electrical grid

Currently, irrigation systems are viewed by the bulk power grid as energy demand points. Hence, the only
form of interaction that occurs between these systems is limited to the unidirectional power flow from
the grid to the pumping stations of the irrigation system. The demand profile of the pumping stations is
correlated with the times when energy has a lower price (off-peak periods). However, the water stored
in reservoirs at different heights can be regarded as a form of energy storage. In order to release the full
potential of irrigation systems as grid-service providers, a redesign of the system components is required
to increase it operational capacity.

Therefore, within the framework of this project, we analyse the potential capacity of reservoir-based irri-
gation systems to adopt an active role in the electrical grid providing services such as energy storage.

This chapter is structured as follows:

i Section 3.1 introduces the topic and reviews the state of the art solutions.

ii Section 3.2 introduces our approach.

iii Section 3.3 describes the methodology and optimisation tool we developed to address the topic.

iv Section 3.4 analyses several study cases applying the developed methodology.

v Section 3.5 concludes the study and provides additional future research settled on the obtained
results.

3.1 Introduction
Irrigation communities’ water distribution systems may take many forms depending on whether they are
pressurised or open canals andwhether they usewater storage in the form of reservoirs or deliver straight
from the main water source. On this work, we focus on pump-fed reservoir-based irrigation systems. In
such systems, a pumping station transfers water from the main source or an intermediate reservoir to a
higher reservoir. From there, a series of canals or pipes deliver water to the users, usually by gravity.

The energy requirements for the pumping stations of these systems are significant, ranging from hun-
dreds of MWh to GWh. These requirements can account for more than 70 % of their operating costs. In
the Languedoc-Roussillon Regional Hydraulic Network (France) 95 % of the annual 80 GWh stem from
pumping stations [37]. However, energy demand is characterised by a seasonal nature, with the system
remaining close to inactive during winter months, when irrigation demand drops.
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The results show an improvement in the convergence and execution time from the original problem to
the relaxed problem. In some cases the relaxation achieved a reduction of time execution up to an 86
%. Furthermore, we conclude that by applying the proposed relaxation methods, different solvers are
capable of converging to a solution, while with the original problem this was not possible, for instance
case C3 for almost every Bonmin algorithm and case C2 for B-BB.

The approximation of the pump constraint by using a set of linear segments clearly improve the execution
timewhen using B-OA or B-QG algorithms, since neither of the algorithms apply any kind of linearization.
For the B-ECP algorithm the difference between the inequality method and linear approximation is not
clear, possibly since the B-ECP algorithm already implements a linearization process.

Regarding the use of different number of linearisation intervals in the segmentation of the pump head
constraint, there are no substantial improvements in terms of execution time neither dissimilarities in the
final goal value.

Furthermore, we observe that problemswith the equality constraint have a high execution time dispersion
compared to the same model solved with the alternative methods.

Regarding to the comparison between the different Bonmin algorithms is noted that B-ECP overpowers
the other algorithms in almost all cases. However, B-QG combined with linearised methods results in
many cases into execution times similar or even better to B-ECP.

The B-BB algorithm returns the highest execution times compared to the other Bonmin algorithms, and
show results similar to [60] and [45], where Couenne was used.

Regarding the final cost value the majority of results show no significant discrepancies. However, in
some cases the relaxed problem achieve an improved solution with up to 34 % reduction of the minimal
value, feasible as well for the original problem. When using the relaxation techniques, it is noted that the
B-ECP algorithm in some cases found a better minimal point as solution compared to others solvers or
algorithms.

3.4 Study cases
This section presents the study cases we analysed with the methodology described previously in this
chapter. The objectives of the study cases are to demonstrate the functionalities of the methodology and
to acquire knowledge about the active participation of irrigation systems on the electrical grid:

1. Academic case (Section 3.4.1): simple non-existent academic system for testing purposes.

2. Comunitat de Regants de Les Planes i Aixalelles (Section 3.4.2): real scenario of a small irrigation
system with a PV pump and a grid connected pump. The objective is to compare the addition of a
battery energy storage system to employing a pump as a turbine.

3. Comunitat de Regants Segrià-Sud (Section 3.4.3): real scenario of a large irrigation system with
several pumping stations consisting of both PV pumps and grid connected pumps. The objective is
to analyse how the dependencies and interactions of several reservoirs affects the redesign.

4. CEDER (Section 3.4.4): real scenario of small irrigation system in CEDER facilities. The objective
is to evaluate the impact of the battery to be installed in site, and the potential of the storage to
provide energy to local loads.
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The sensitivity analysis show very high influence of the irrigation demand over the scheduling of the
system and a considerable influence of the selling price of electricity and efficiency of the pump as turbine.
High irrigation demand prevents the system to operate as an energy storage system. High selling prices
during solar hours and lower pump as turbine efficiencies make it more profitable to directly inject the
photovoltaic power to the grid instead of storing the energy.

3.5.1 Future work

This section discusses gaps we identified during our research to work on future analysis.

Further reduce the complexity of the models and improve the computability of the problem is a critical
objective to allow formore accurate and detailed analysis aswell as larger andmore complete systems.

We analysed the irrigation system study case for a long term daily energy storage scenario. A seasonal
storage scenario would deliver insight on other operation approaches, however the limitations of the
methodology this work has presented did not allow for such an analysis.

Analyse the efficiency of a pump as turbine and the effect on its maintenance costs and lifetime. There is
not a consensus in the literature on this topic and requires further research.

Finally, apply the knowledge and methodology and implement and on-site demonstrator.
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4 Energy storage sizing to preventwa-
ter hammer on PV pumping sys-
tems

Water distribution for irrigation on rural areas is typically managed through irrigation communities, whose
facilities consist of reservoirs supplied by pumping stations. They require large amounts of energy to
operate, up to some GWh annually. To cover such demand, they often set up solar photovoltaic pumping
systems involving an off-grid photovoltaic plant coupled to a hydraulic pump through an inverter. These
systems present little inertia, therefore when clouds shade the photovoltaic panels induce start-stop
cycles causing fatigue, hydraulic shocks and severe mechanical loading on hydraulic assets. Our work
proposes a methodology to size energy storage systems for photovoltaic pumping systems, such that
their response against clouds shading on panels is improved. Wepropose a simple cost function based on
capital and operation costs considering the effect of clouds, the optimal value of which can be analytically
determined. Then, we apply it to a real study case in the facilities of Comunitat de Regants (CR) Segrià-
Sud, located in Catalonia, north-east of Spain, and consisting of a 275 kWp photovoltaic plant and a 160
kW pump.

Also, we develop a methodology and analyse a grid connected case on the same facilities. This chapter
follows the work developed at [79].

This chapter is structured as follows:

i Section 4.1 introduces the problem and reviews the state of the art solutions.

ii Section 4.2 describes the problem we are addressing and further establishes the objectives and
assumptions.

iii Section 4.3 defines the methodology for the off-grid case, which is applied in Section 4.4 on the
real Comunitat de Regants Segrià-Sud scenario study case.

iv Section 4.6 analyses the feasibility of an Aqueous-electrochemical recuperator (ECR) battery.

v Section 4.5 develops the methodology and analyses the CR Segrià-Sud scenario considering the
whole photovoltaic (PV) pumping facility is connected to the grid.

vi Section 4.7 concludes the study and provides additional future research settled on the obtained
results.
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• Due to the nature of the RE their availability depends on the meteorological events or the time of
the day, therefore is needed a back up as energy storage in order to achieve the demand when RE
can not.

• Emergency back-up is the service used in order to power specific areas or devices when the regular
energy source is not available.

• Ramping and load follow refers to the ability of an energy storage system to avoid suddenly power
loss.

• Peak shaving consists on the consumption of energy when is generated a surplus.

• Time shifting consists into the capability of an energy storage to displace the demand from a certain
moment to another one.

• Load levelling refers to the mitigation of power demand variability during a period of time

• Black start is the ability of an energy source to restore the grid during a black out event.

• Low voltage ride though consists in the capability of a energy source to stay connected to the grid
during a low voltage event in a short period of time.

• Some energy storage assists on the development of the network avoiding distribution network ex-
pansions when demand rises.

• Voltage regulation and control avoid or mitigate the dynamics in the voltage during changes of
active and reactive power.

• Grid fluctuations consist on the mitigation of grid fluctuations that could damage the sensible elec-
tronics.

• Standing reserve is used to provide energy whenever the demand is bigger than the expected or
programmed.

From Table 5.1, it can be concluded that short term energy storage is optimal for applications requiring
rapid response times, such as ride-through capability, renewable energy buffering, black start support,
voltage regulation and control, and the mitigation of grid fluctuations and oscillations. Specifically, fly-
wheels have proven to be effective for RES, although their potential for voltage regulation and control
has yet to be demonstrated. In contrast, long term energy storage is more suitable for applications in-
volving extended discharge durations and slower response times, including peak shaving, time shifting,
load levelling, and maintaining supply–demand balance over prolonged periods. Additionally, long term
storage can support network expansion in regions with limited generation capacity but expected growth
in electricity demand.

5.2.4 Services with revenue in Spain

As mentioned earlier, some of the grid services outlined in the previous section are not included in Euro-
pean or Spanish grid codes or legislation, meaning there is no revenue for offering them to the grid, for
example FCR that is mandatory but not remunerated. However, there are others that are considered by
current Spanish legislation and are eligible for revenue.

The Spanish and European legislative frameworks recognize Balancing Service Providers (BSPs), which
aremarket participants with generation, demand, or storage units that have aminimum capacity of 1MW.
These BSPs earn revenue for the services they provide to the grid. The services included are secondary,
tertiary regulation and replacement reserve (RR).
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6 Real-time operation & control for
innovative irrigation canal-based en-
ergy storage systems

The proper operation of the irrigation facilities depends on the effective management of water resources.
In the framework of this project, this involves to ensure that the necessary volumes of water for irrigation
are available while providing grid services. Optimising the control of irrigation systems, particularly those
involving reservoirs and pumps, presents a complex mathematical challenge. In addition to this chal-
lenge, incorporating uncertainties in water demand, availability, and meteorological and grid conditions
represents a further complex aspect of the task.

This chapter presents a mathematical description of the problem under consideration, including the clas-
sical elements of the irrigation system and the elements determined by the long-term optimisation tool
described in 3. Furthermore, uncertainty sources are identified. The chapter then introduces the method-
ology employed in developing the plant controller capable of ensuring optimal operation, even in condi-
tions that deviate from the expected operating scenario. Finally, the developed algorithm is tested in a
simulation environment. The results are then presented and discussed.

Specifically, this chapter is structured as follows:

i Section 6.1 provides an overview of the current state of the art in the field, introducing the topic and
reviewing the available solutions.

ii Section 6.2 outlines the controller’s objectives and reviews themajor challenges facing the irrigation
system operation. It then introduces the mathematical formulation of the problem.

iii Section 6.3 describes the methodology on which the optimal controller is based and develops the
formulation for determining the proposed algorithm.

iv Section 6.4 provides an analysis of the performance of the control algorithm developed on different
case studies.

v Section 6.5 concludes the chapter with the conclusions drawn. It also provides a description of the
next steps to be taken in the project.

6.1 Introduction
The irrigation system under consideration in this project is currently comprised of a series of reservoirs
connected by pipes, withwater flow facilitated by pumps organised in pumping stations. These reservoirs
facilitate the storage and distribution of water to the fields. The plant operators then use heuristic rules to
determine the demand for a certain amount of electrical power from the grid to maintain sufficient water
in the upper reservoirs from the lower reservoirs.
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The primary objective of this operational model is to reduce electricity costs. To this end, energy demand
is scheduled to occur during periods of the day when, as stipulated in the contract, the price per kWh is
lower, typically at night. In addition, off-grid photovoltaic panels are being installed to supply an isolated
pump, so that when sufficient power is available, the pump associated with the PV installation will pump
water.

Within the framework of this project, the intention is to exploit the potential performance of the reservoirs
as a store of electrical energy in the form of water. This will require the installation of new assets that
allow for the bi-directional flow of water and the extraction of energy from water flows to be returned
to the power grid. The introduction of new assets within the system will enable new functionalities,
thereby increasing the complexity of plant operation. This will overrule the heuristic rules that operators
have developed over the years.

This new, larger and more complicated system will require more sophisticated control schemes to opti-
mally balancewater distribution, energy consumption, and grid support. Traditional rule-based or reactive
control methods may no longer be sufficient as they lack the flexibility to anticipate future fluctuations
in water availability, electricity prices and crop irrigation requirements. Instead, advanced optimisation-
based approaches are needed to ensure real-time adaptability and long-term efficiency.

The optimisation tool, which is explained in detail in Chapter 3, provides as output, in addition to the
dimensioning of the plant elements, an optimal operating strategy for a specific scenario. However, from
a control perspective, solving an offline optimisation problem (with all data known or estimated) and
implementing its output as a set-point for a physical system is a feedforward approach. This approach
can be considered adequate in cases where the plant model is perfectly known, both in terms of topology
and parameters, and where the forecast of disturbances is estimated with high accuracy.

In systems where uncertainty is a significant concern, such as the system under consideration in this
project, however, achieving optimal control is complicated due to several interdependent factors:

• Uncertainty in water demand: water requirements depend on soil conditions and external environ-
mental conditions, creating variability in irrigation needs.

• Accurate weather forecast: rainfall and evaporation rates are inherently unpredictable and have a
significant impact on the availability ofwater in reservoirs. In addition, the production of photovoltaic
energy is also dependent on climatic conditions.

• Integration with the power grid: water storage in reservoirs serves as an energy reserve to support
the electricity grid. However, the times when the grid is subject to disturbances are completely
unpredictable.

Given the stochastic nature of the system, robust and stochastic control techniques can help mitigate the
effects of uncertainty by incorporating probabilistic models of rainfall, evaporation, and agricultural water
demand. However, these methods can sometimes result in excessively conservative policies that may
under-utilise available resources.

In contrast, feedback optimisation structures offer a powerful framework for enhancing control robustness
and adaptability. Unlike open-loop strategies that rely solely on forecasts and precomputed schedules,
feedback-based methods continuously incorporate real-time measurements into the optimisation pro-
cess. Such measurements can include reservoir levels, weather data and power grid signals, allowing
the system to respond rapidly to unexpected disturbances.

Embedding optimisation within a feedback loop enables the controller to adjust decisions as new infor-
mation becomes available, thereby reducing the impact of modelling errors and forecast inaccuracies.
Feedback optimisation provides a natural way to handle constraint violations and system nonlinearities,
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ensuring safe and efficient operation even under highly variable conditions. When coupled with predic-
tive strategies like Model Predictive Control (MPC), feedback optimisation enables anticipatory yet reac-
tive decision-making, balancing long-term planning with short-term response - an essential feature of
modern, multi-objective irrigation systems.

MPC techniques provide an effective framework by explicitly considering future system dynamicswithin a
receding horizon optimisation problem. MPC continuously updates its decisions based on newmeasure-
ments and forecasts, optimising the operation of pumps and reservoirs. By leveraging predictive models
and constraints, MPC can schedule water transfers and pumping operations in a way that minimises en-
ergy costs, prevents shortages, and strategically aligns water storage with periods of excess renewable
energy generation. However, it should be noted that this methodology still relies on an accurate model
of the existing plant to be optimised.

In recent years, there has been a growing interest in the fact that many numerical optimisation algorithms,
specially first order iterative algorithms, can be interpreted as dynamical systems. According to this inter-
pretation, it is possible to construct an extended dynamical system consisting of plant dynamics and the
dynamics of an algorithm for solving an optimisation problem. Therefore, this system will autonomously
drive the plant to an optimal operating point. In the context of this notion, a technique known as Online
Feedback Optimisation (OFO) has been introduced in the literature.

The key idea of OFO is to implement optimisation algorithms as feedback controllers, which are connected
with a physical plant to form a closed loop. Therefore, OFO-based controllers employs real-time mea-
surements to adapt control actions as and when required. Moreover, OFO strategies demand minimal
model information, making it particularly beneficial in situations where accurate models are challenging
to acquire. The time evolution of the plant state converging to the solution of an optimisation problem
follows the following structure:

• The set of real-time measurements are collected in the central controller.

• The controller updates the control actions by solving an iteration of the optimisation problem.

• The new control actions are dispatched to the system by updating the set-points of the controllable
devices.

• After a waiting period during which the fastest transients disappear and the systemmeasurements
are taken again. Then, the process is repeated as the system converges to the solution of the opti-
misation problem.

It is important to note that within the OFO framework, the plant is considered a constraint enforcer routine,
i.e. given an input, the physical systemwill produce an output that satisfies the input-output relationship.
As a consequence, there is no need to evaluate the (possibly nonlinear) functions describing the system’s
behaviour, thereby reducing the computational cost. This feature provides OFO-based control structures
with a high degree of scalability, making it an attractive option for large-scale and complex systems.
Furthermore, feedback the measurement set, instead of being model dependent, inherently includes the
effect of exogenous disturbances and the corresponding control actions are updated without the need to
forecast them.

Given these advantages, the application of OFO-based controller in combination with the developed
classical optimisation tools on this irrigation system is a promising approach to achieving an optimal trade-
off between water availability, economic efficiency, and grid integration.
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6.5.1 Future work

The preliminary test results have been satisfactory. Further testing is required to fully verify the perfor-
mance of this controller.

One of the objectives onwhichwork is already underway is the reformulation of theOFO-based controller
objective, with a view to improving the anticipation of irrigation deviations. However, it is interesting to
observe how well the effort to meet the constraints is working.

Verification of the controller on a more complex system is an indispensable requirement. Despite the
demonstrator plants comprising only two reservoirs, the objective is to operate and manage multiple
reservoir systems, in which the behaviour of the output variables is strongly related.

Following the completion of the simulation environment tests, the experimental validation of the con-
troller must be carried out in the project’s demonstrator plants.
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7 Fundamental AGI topologies and
control strategies

Grid services can be provided by implementing various control schemes in the converter that connects
the irrigation microgrid to the main electrical grid. The control scheme of this primary converter must be
coordinated with the control systems of other power electronic equipment within the microgrid, each of
which may have its own programmed logic. The choice of control strategy will depend on factors such
as the number of converters present in the microgrid and the specific functionalities required.

This chapter presents various configurations for providing grid services, including a comparison between
AC and DCmicrogrid approaches, with a detailed analysis of the advantages and disadvantages of each.
Four microgrid configurations are examined, focusing on integrating converter-based components and
their implications. The chapter also explores several control architectures for the primary converter and
discusses their impact on system performance. Finally, both linear and non-linear models are introduced
to support further analysis of the microgrid’s interaction with the primary grid. This includes power flow
calculations, developing a linear state-space model, and validating the linear model using MATLAB-
Simulink.

Specifically, this chapter is structured as follows:

i Section 7.1 provides an overview of the elements introduced in this chapter and gives a general
view of the limitations and possible configurations.

ii Section 7.2 compares two possible approaches for the presentedmicrogrid and decides the leading
technology.

iii Section 7.3 presents the state-of-the-art control architectures which could be implemented in the
main converter and explores a newly proposed control architecture to enhance the converter func-
tionalities.

iv Section 7.4 discusses the possible AGI configurations and gives insight into the pros and cons be-
tween these possible configurations.

v Section 7.5 presents the models that can be used to assess the studies needed to achieve a proper
interconnection between the microgrid and the primary grid.

vi Section 7.7 suggests future work based on the work presented during this chapter.

7.1 Introduction
The irrigation system under consideration comprises several water reservoirs, including several pumping
systems. These pumping systems runwith electricity, the energy of which is taken from the electrical grid.
The high consumption of these systems makes it worth considering installing a photovoltaic (PV) plant
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