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Abstract
Worldwide, the demand-side flexibility is subject to extensive researches to hedge against the increasing penetration of inter-
mittent renewable power and/or reduce the peak demand of the power system. The electricity consumptions, including residen-
tial, agricultural and industrial, have responsive behavior which can provide demand flexibility to the power system when
aggregated and coordinated properly. Against the literature on residential and industrial sectors, the Demand Response (DR)
potentials of the agricultural sector are still a challenge for energy policy-makers. This paper aims to fill the gap conducting a
research study into DR opportunities for agricultural electricity consumption. This paper first introduces the main barriers to the
agricultural DR, e.g. the size of the irrigation system, flexibility of water delivery, onsite labor, and on-farm power electronic
control devices. Secondly, practical solutions are proposed to eliminate barriers. Finally, in order to facilitate the integration of
demand flexibilities to the power system, a novel structure is suggested for the first time as Agricultural Demand Response
Aggregator (ADRA). Therefore, reviewing the main barriers of ADR programs, suggesting practical solutions to break the
barriers and finally suggesting a workable structure for the ADRA are the main contributions. To sum up, this tutorial gives
energy experts a general overview to implement DR programs on agricultural lands optimizing the power system operation.
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NomenclatureIndices
i Index of farms, i = 1,2,…,I
α Index of electric pump, α = 1,2,…,A
c Index of crops types, c = 1,2,…,C
β Index of labor, β = 1,2,…,B

Variables
Cm Total aging cost of electrical pumps
Cim Aging cost of electrical pumps for farm i
Pc Production value (kg ha−1)
θ Irrigated water (cm)
ρ Rainfall value (cm)
Cp Production cost of crop ($ kg−1)
tΔ ADR duration (h)
Cl

i,β The additional cost due to extension of working
hours for one labor ($)

Cl Total cost due to extension of working hours ($)
π1 Probability of failure due to deterioration
π0 Probability of random failure
CFI Financial incentive for the ADRPs ($)
Ce Cost of electricity consumption for crop ($ kg−1)
ηκ Risk to benefit ratio
λBM Electricity price at balancing market ($/MWh)
λDA Electricity price at day-ahead market ($/MWh)
Constants
γi,α Maintenance cost for pump i in farm α
νi,α Number of start-up/shut down for pump i
Klabor Hourly wage for labor ($/h)
Acronyms
ADRA Agricultural demand response aggregator
ADRP Agricultural demand response program
IPG Iran Power Grid
GWP Groundwater pump
SWP Surface water pump
WBP Water booster pump
ADSM Agricultural Demand Side Management
AEEM Agricultural Energy Efficiency Measures
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APLS Agricultural Permanent Load Shifting
VSD Variable Speed Drives
TOU Time of Use
CPP Critical Peak Pricing
EDP Extreme Day Pricing
GFI Gravity Fed Irrigation
SI Sprinkler Irrigation (SI)
SDI Subsurface Drip Irrigation
LFI Low-Flow Irrigation
ACSP Agricultural Communication Service Provider
FCU Farm Central Unit
RBR Risk to Benefit Ratio

Introduction

Problem Identification and Motivation

During the last decade, the share of renewable power, i.e.
wind and solar power, has been increasing in the power sys-
tems all over the world [1, 2]. For example, in the Danish
sector of Nordic Electricity Market, the share of renewable
power is scheduled to be increased from 5.5 GW (44% of total
installed capacity) at 2015 to 6.4 (55%) and 8.1 GW (60%) at
2020 and 2025, respectively [3]. In this way, the renewable
distributed generations are taking the place of retired gas-fired
engines. Increasing the share of renewable power, the inter-
mittency and volatility of the supply-side in the power system
increases considerably [4]. On the other hand, the profile of
electricity demand is changing fundamentally. In the transpor-
tation system, the traditional fossil-fuel vehicles, including
public transportation and private cars, are gradually replaced
with the electric ones [5] [6]. Moreover, the world rate of
electricity consumption (kWh per capita) is increasing due to
increasing social welfare [7]. Increasing intermittency in the
supply-side and increasing the rate of electricity consumption
in the demand side, new kinds of power flexibility are needed
to preserve the power systems. Therefore, demand-side flexi-
bility is essential to ensure the power system flexibility or it
may put the future power system at risk.

To overcome the problem, there are some kinds of power
flexibilities in the electrical demands, i.e. residential, commer-
cial, agricultural and industrial levels, which can be extracted
and integrated. The key factor of demand-side flexibility
is that power flexibility must be integrated. In contrast,
segregated power flexibilities cannot affect the power
system effectively.

In order to aggregate the demand-side flexibilities, two
necessary measures should be taken. First of all, the demand
flexibilities of each class of consumers should be aggregated
by a specialized demand response aggregator (DRA).
Therefore, residential, commercial, agricultural and industrial
demand response aggregators (RDRA, CDRA, ADRA,

IDRA) should be organized. Secondly, a practical coordina-
tion approach should be provided to integrate the DR oppor-
tunities of the DRAs, i.e. RDRA, CDRA, ADRA, IDRA.

To achieve the aim, three levels of research studies need to
be carried out as follows:

Level 1. an investigation of demand flexibilities among dif-
ferent electricity consumptions, i.e. residential,
commercial, agricultural and industrial sectors.

Level 2. proposing a mathematical structure for the DRAs,
i.e. RDRA, CDRA, ADRA, IDRA.

Level 3. developing a coordination technique to integrate the
flexibility potentials of different kinds of DRAs.

Literature Review

Increasing the penetration of renewable power, the power sys-
tem needs new forms of demand flexibilities to hedge against
the intermittency and volatility [8, 9]. In the literature, prom-
inent research studies were conducted in the areas of residen-
tial [10], commercial [11] and industrial [12, 13] sectors.
Regarding the agricultural sector, although some research
studies were carried out but barely any studies can be seen
to integrate the agricultural demand-side flexibility to power
systems. In this way, previous research studies have concen-
trated on energy efficiency programs in farms. First of all, in
2013, the US Department of Energy provided a general over-
view of demand response opportunities in California agricul-
tural lands [14]. Later, in 2015, the study had been extended to
propose framework of automated demand response in the
farms [15]. In 2016, a neuro-fuzzy Smith predictor controller
is proposed to increase the efficiency of water irrigation sys-
tem [16]. In 2017, a scoping study reviewed and analyzed the
water, energy, and food nexus in 7 regions including Asia,
Europe, Oceania, North America, South America, Middle
East and Africa [17]. In 2019, a dynamic mathematical model
design of photovoltaic water pumps was presented as a guide
tool to electrical energy potential assessment for irrigation
system [18]. Moreover, four nature inspired algorithms were
used to optimize the design model of photovoltaic pumping of
irrigation systems [19]. At the same time, Cuckoo search al-
gorithm and fuzzy logic controller was suggested to optimize
the irrigation station process of farms [20].

While the previous studies concentrated on water-energy
nexus, new research studies come up with an idea of integra-
tion of agricultural-side flexibilities to the power systems.
First of all, paper [21] provides a comprehensive review to
depict the roadmap of agriculture-clean energy system and
analyze their feasibilities and advantages. Afterward, in order
to provide a great deal of flexibility to the power system, a
restructuring in agricultural industry is suggested [22]. Paper
[23] used data-driven approach and a robust optimization
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programming to manage the energy consumption of an agri-
cultural waste-to-energy network under uncertainty. It is
worth mentioning that the robust optimization is a practical
solution to energy management in energy systems under un-
certainty [24]. In [25] an integrated water-food-energy
nexus modelling and optimization approach is proposed
to manage the real-time irrigation systems in agricultural
lands. Solar water pump is a practical solution which is
proposed to provide agricultural demand-side flexibility
to the power system [26].

Regarding the previous studies, what are missing in the
literature are as follows:

1). Investigation of demand flexibilities for the agricultural
sector.

2). Suggesting a practical model for the ADRA.
3). Devising a coordination technique to integrate the agri-

cultural flexibilities into the residential and industrial
ones.

In order to fill the gap, this paper conducts a comprehensive
study in Levels 1 and 2 in the area of agricultural electricity
demands. To achieve the aim, first of all, this study investi-
gates different concepts of demand-side flexibilities among
agricultural electricity consumptions. In this way, a detailed
study is carried out to identify the DR opportunities, barriers

and challenges (Level 1). Secondly, a basic structure is sug-
gested for the first time, for the ADRAs (Level 2). Devising a
coordination technique between ADRAs and the other DRAs
is suggested for future researches (Level 3). It is no doubt that
the coordination method shall be included but not due to the
scope and length limit.

Basic Idea and Features

In the literature, to the best of our knowledge, no comprehen-
sive study is done to integrate the flexibility potentials of ag-
ricultural sector into the electricity market. Against the back-
ground, this paper aims to narrow the gap by proposing
ADRAs applicable in the electricity market. The basic idea
behind this study can be illustrated by the schematic diagram
in Fig. 1. This figure reveals that agricultural electricity con-
sumptions can be divided into three main categories as
follows:

1) Electrical demands which can be scheduled 24 h prior to
energy delivery time.

2) Electrical demands which can be adjusted 60 to 10 min
prior to energy delivery time.

3) Electrical demands which can be balanced in near
real-time.
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Fig. 1 Conceptual diagram of
agricultural DR classification
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The first category of demands can be scheduled in the day-
ahead market which is cleared 24 h prior to energy delivery.
The second category can be adjusted in the adjustment market
60 to 10 min prior to energy delivery. Finally, the fast-
response demands can respond to the DR events in near
real-time condition of balancing markets.

Therefore, the main aim of this research study is to inves-
tigate the DR opportunities of agricultural electricity con-
sumptions and propose a three-stage time-oriented DR pro-
gram compatible with the three trading floors of the electricity
markets, i.e. day-ahead, adjustment and balancing markets.

To achieve the aim, all the agricultural electrical demands
subject to the DR events are investigated. In this way, opportu-
nities, barriers, and themain constraints are described. Afterward,
the agricultural electrical demands categorize into three main
classes based on their response time to the DR events, i.e. long,
mid and short notice DR events. Finally, a practical model for the
ADRA is proposed to make the agricultural DRPs applicable in
the modern structure of electricity markets.

Paper Organization and Contributions

This paper concentrates on the agricultural DRPs to fill the
gaps in the literature. To sum up, the main contributions of the
study are as follows:

1). Investigation of flexibilities potentials and the main bar-
riers in agricultural electricity consumptions.

2). Categorization of agricultural demands into three main
classes based on their response time to the DR events.

3). Suggestion of a practical model for ADRAs to facilitate the
integration of farms flexibilities to the electricity market.

The remainder of the paper is organized as follows: in
section 2, the fundamental of agricultural demand response
program is defined. In section 3, the electricity consumptions
of farms are presented and classified. Section 4 describes the
different types of agricultural demand-side management. In
section 5, the main barriers to the ADRPs are illustrated.
Section 6 suggests practical solutions to break the barriers.
In section 7 the basic structure of ADRAs is proposed.
Finally, Section 8 concludes the proposed approach.

Description of Agricultural Demand Response

Agricultural Demand response programs (ADRPs) are a set of
measures taken by the agricultural electricity consumers
(growers) to reduce or shift the electrical demands in response
to (i) requests sent from an ADRA or (ii) dynamic electricity
price of the electricity market when power shortage/excess
occurs or system reliability is jeopardized. Generally, there
are two kinds of DRPs for the agricultural sector as follows:

1). Incentive-based ADRPs: in these programs, a financial
incentive is allocated to the farmers to motivate them to par-
ticipate in the ADRPs.

2). Price-based ADRPs: in the price-based programs no
financial supports are considered for the farmers. Instead, the
financial burden of electricity usage is shifted towards the
farmers’ shoulder.

The farmers’ motivation to participate in the ADRPs
is as follows:

1). Reducing the charge of electricity bills in the price-based
ADRPs.

2). Providing an income in the incentive-based ADRPs.

Broadly, the ADRPs inherently depend on the nature of
supply-side regarding the fact that the power system is mainly
supplied by the renewable (intermittent) generation units or
thermal (deterministic) ones. It is evident that the ADRPs
should be scheduled differently for these two kinds of power
systems.

Deterministic-Supplied Power Systems

In the power systems with high penetration of thermal gener-
ation units, the ADRPs aim to reduce the peak demand. In
such power systems, the peak demands occur in certain time
hours which can be determined months before.

As a large-scale deterministic-supplied power system, the
Iran Power Grid (IPG) has been experiencing high peak hours
during hot summer days, especially at midday hours. The
major reason for the increased peak demand is the cooling
systems of residential and commercial consumers [12].
Developing ADRPs, the striking features of the supplied pow-
er system should be extracted. This issue is necessary to
schedule ADRPs fitted with the power system perfectly.

Figure 2 describes the key features of the IPG in terms of
annual peak demand and duration. Based on Fig. 2(a), the IPG
has two peak demands daily as follows:

1) Day-peak demand between hours 12 to 16
2) Night-peak demand between hours 20–22

In addition, subfigure 2(b) reveals that the annual peak
demand of IPG occurs in the hottest days of summer, i.e.
between 5 July and 5 August.

The main feature of this kind of power systems is that the
peak demand occurs in certain time hours which can be deter-
mined on very long notice; therefore, the ADRPs should be
scheduled to reduce the peak demands with determined DR
duration. In this way, agricultural electricity consumptions
highly increase at the midday hours coincident with the peak
of the power system. As a result, the ADRPs are under slight
uncertainty due to the known peak hours of the power system.
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In this study, in order to avoid tedious explanations, this kind
of power systems is denoted by Type A.

In the Iran economy, electricity has been heavily subsidized
by the government for decades. Due to the early recession, and,
thus, budget limit, the electricity price is under financial liberal-
ization. This will result in higher cost of crops production if no
DRPs are implemented in the agricultural sector. So it seems that
Iranian farmers need to manage their electricity consumption to
offer a competitive price for the crops. This is the original idea
behind the evaluation of power system Type A.

Intermittent-Supplied Power Systems

In the power systems with high penetration of renewable pow-
er, i.e. wind energy, the power system may experience deficit/
excess of energy at any time of the day. In contrast to the
power systems Type A, the peak time of the power system
depends heavily on the wind velocity which is a stochastic
variable. Therefore, the hour of peak time may be unknown
up to 24 h prior to the energy delivery time. Approaching the
energy delivery time, the uncertainty level decreases notice-
ably. In such power systems, the nature of ADRPs is different
from those in power system Type A. The main reason is that
the power system should be ready to send DR request to the

contracted consumer in any time of the day. Therefore,
ADRPs should be scheduled to provide power flexibility with
different length of notices, from 24 h ahead to near real-time.
The ADRPs for these power systems are more complex than
the former power systems, i.e. Type A.

Figure 3 illustrates the peak of wind power generation for
Danish sector of Nordic Electricity Market with approximately
50% wind power penetration. Based on the graph 3(a), the time
of peak power generation cannot be conformed to a fixed pattern.
In contrast to the power systems Type A, the time of peak gen-
eration is not under the control of the power system operator. As
the subfigure 3(b) reveals, the peak generation of wind energy is
a nonseasonal variable is not following a set pattern.

Regarding the abovementioned facts, this kind of power
systems is called Type B. The future power systems will be
bursting with renewable energy. Therefore, the ADRPs
should be planned to guarantee the power system flexibility
with high penetration of intermittent power. This is the novel
idea behind the evaluation of power system Type B.

Agricultural Electrical Demand

In the agricultural sector, different sources of energy are used
including electricity, gasoline, natural gas, oil, and diesel.
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According to the report from the U.S National Agricultural
Statistics Service [29], the electricity, diesel and natural gas
consumed 290, 410 and 150 Trillion Btu in 2014, respective-
ly. The statistics confirm that electrical energy is one of the
main energy types consumed in the agricultural sector. Apart
from the different types of energy, this paper aims to propose
consumption flexibility for electricity usage. To achieve the
aim, first of all, it is shown how the electrical demand of the
agricultural sector can be forecasted in the future. Secondly,
the major electricity consumptions in the farms having DR
capabilities are identified.

Agricultural Load Forecasting

Electricity demand forecasting is a challenging task in the
agricultural sector where the ADRPs suffer from lack of re-
quired data and mathematical models. In order to propose a
comprehensive ADRPs, the mid-term load forecasting of ag-
ricultural sector is essential and inevitable.Without a scientific
forecasting approach, the ADRPs may be ineffective. In the
last decade, many research studies were conducted to forecast
the agricultural demand. Trend analysis is the simplest load
forecasting approach [30]. This method relies solely on the
historical load with no consideration of the factors that affect-
ed the amount of energy used. Although the simplicity is the
main advantage, the method suffers from conspicuous lack of
accuracy. Econometric models specify the relationship be-
tween the forecasting variable and the key factors affecting it
by combining economic theory with statistical methods [31].
Improved accuracy and addressing the key factors affecting
the forecasting variable are two distinct advantages of the
method. But the method has a serious disadvantage that it is
not able to address the decisive factors which change the fu-
ture relationship between factors and electricity demand. It is
the major barrier to DRPs where the future forecasting is nec-
essary. Survey-based forecasts use information from a select
group of customers regarding their future plans as the basis for
the forecast [32]. In contrast to the econometric
methods, this approach can take into account the con-
siderable changes in the farms demand. The great dis-
advantage is that the method can forecast the changes
only for short term durations. Therefore, the method is
ineffective for mid/long term ADRPs.

The end-use methods [33] classify the electricity consump-
tion of the agricultural sector into different categories. This
method can change the energy efficiency of classified electri-
cal devices; as a result, this is the practical approach for the
Agricultural Energy Efficiency Measures. The negative point
is that the method needs a huge amount of data to process.
Therefore, the method is data-intensive while the electricity
consumption of some agricultural devices may be unavailable.
Recently, hybrid forecasting methods are used by the re-
searchers taking the advantages of improving accuracy and

flexibility. A new hybrid model based on improved empirical
mode decomposition, autoregressive integrated moving aver-
age and wavelet neural network (WNN) optimized by fruit fly
optimization algorithm is proposed recently [34]. As a practi-
cal study, a time series based on Auto Regressive Moving
Average (ARIMA) approach is used in paper [35] to forecast
the Iranian agricultural electricity consumption. To provide a
quick overview of the agricultural load forecasting methods
compatible with ADRPs, Fig. 4 illustrate the important pros
and cons. As the pie chart reveals, the hybrid forecasting ap-
proaches provide the greatest flexibility among the traditional
load forecasting methods.

Agricultural Electricity Consumption

Investigating flexibility potentials in the agricultural sector, it
is crucial to understand the consumption behavior of electrical
devices. To fulfill the aim, first of all, it is necessary to know
the application of electricity on farms. Generally, the applica-
tion of the on farms can be split into four major categories as
(1) farm building (2) farm land (3) crop treatment and (4) farm
house. Figure 5 illustrates the classification of the application
of electrical energy to farms.

As the circle diagram reveals, the electricity consumption
on the farm buildings depends on the type of agricultural
activity. In the livestock farms, the food preparation devices,
e.g. chuff butters and corn crushers, consumes electrical ener-
gy. In the dairy farms, most of the devices are electric driving
like the cream separator and casein grinders.

Regarding the farm land, irrigation system consumes a
large amount of energy. In addition, some electrically operat-
ed machines, e.g. mower and digger, are used during harvest-
ing and planting.

Crop treatment refers to measures taken to avoid
damage of crops insect, seed or environmental factors.
Electrolytic seed bath and electrical heat-treatment of
seeds are two kinds of measures in the seed preparation.
Gathering the crops, grain drying and desiccation of
vegetables/fruits by electric fans can be stated.
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Accuracy Simplicity Affecting Factors Future Forecasting

Short-term ADRP         Long-term ADRP         Data-intensive

Fig. 4 The compatibility of agricultural load forecasting approaches with
ADRPs from 1984 to 2019 with significant features
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The electrical demands on the farm house can be
considered as domestic electrical power usage.
Cooling, heating, and cooking are the main electricity
consumptions in the farm houses.

The electricity consumptions on farms are not limited to the
abovementioned classification. The electrically operated de-
vices on farms are widespread and the providing detailed de-
scription is outside the scope of this study. In order to inves-
tigate the ADR flexibilities on farms, certain electrically op-
erated devices should be studied. Among the electrical de-
vices, the irrigation system consumes a large amount of ener-
gy on farms. Therefore, this study investigates the DR oppor-
tunities for irrigation systems on farms. One may conduct a
research study to investigate DR opportunities in dairy or
poultry farms. This can be an innovative idea for future re-
searches. All in all, the main electricity consumption of irri-
gation system is described in the following subsections.

Agricultural Irrigation System

Irrigation systems are the most energy-intensive consumption
on farm lands. The irrigation system moves water from a
resource or storage to the crops. Water pumps are the heart
of irrigation systems. Tomake an irrigation system as efficient
as possible, the pump must be selected to match the require-
ments of the water source, the water distribution system and
the irrigation equipment.

Water pumps consume a large amount of electrical
energy in agricultural demands. Based on the irrigation

methods and local characteristics of the farms, the water
pumps used in conventional farms can be divided into
four main categories as follows:

1) Groundwater pumps (GWP)
2) Surface water pump (SWP)
3) Water booster pump (WBP)

Figure 6 depicts a schematic diagram of the irrigation sys-
tem in agricultural lands. The groundwater pumps lift water
from a bore to the agricultural lands. The nominal electricity
consumption of the GWPs depends on the characteristics of
the wells. Generally, this kind of water pumps can be
designed for three main wells as follows: (1) deep wells
(2) moderate wells and (3) shallower wells. In the north
of China, the average annual energy consumption for
groundwater pumping is 13.67 billion kWh and the en-
ergy consumption is 1122.4 kWh/hm2 in 2019 [36]. The
energy intensity of GWPs ranges from 250 to 1000
kWh/AF with an average of 500 kWh/AF [22].

Surface water pumps are used to move water from surface
water resources to the irrigation system of the farms. The
average energy intensity of SWPs is around 300 kWh/AF
which is 40% lower than the GWP ones [22].

Booster pumps are the heart of the irrigation system which
increases the pressure of water. The energy intensity of WBPs
range from 0 to 14 kWh/AF for gravity irrigation, 147–269
kWh/AF for drip/micro irrigation, and 217–342 kWh/AF for
sprinkler irrigation [15].
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Comparing the water pumps, the GWPs are the most
energy-intensive devices. Moreover, the investment and oper-
ation costs of GWPs are higher than the SWP and WBP,
especially for the deep wells.

Agricultural Demand Side Management

Agricultural Demand Side Management (ADSM) refers to
initiatives and technologies which optimize electrical energy
consumptions of farms. In the ADSM, both software and
hardware optimizations are included. The software ADSM
refers to the plans/schedules causing a behavioural change in
electricity consumption. In contrast, the hardware ADSM ad-
dresses the measures introduced to increase/decrease the en-
ergy efficiency/intensity of electrically operated devices.
Based on the abovementioned facts, the ADSM can be imple-
mented into three main categories:

1) Agricultural Energy Efficiency Measures (AEEM)
2) Agricultural Permanent Load Shifting (APLS)
3) Agricultural Demand Response Programs (ADRP)

Regarding AEEM, energy efficiency solutions should be
suggested. While the electric motors consume a large amount
of energy in the irrigation systems, the efficient electric motors
decrease the energy intensity of the irrigation system. In order
to optimize the energy efficiency of motors, the following
measures are offered [37]:

1) Considering the relation of size and efficiency: For opti-
mum efficiency, motors should be sized to operate with a

load factor between 65% and 100%. Oversizing results in
less efficient motor operation.

2) Comparing the efficiency of motors: Nominal efficiency
is best. Nominal efficiency is an average value obtained
through standardized testing of a population of motors.
Minimum guaranteed efficiency, which is based on nom-
inal efficiency, is slightly lower to take into account typ-
ical population variations. Minimum guaranteed efficien-
cy is also less accurate because the value is rounded.
Other efficiency ratings, including apparent and calculat-
ed, should not be used. High-efficiency 3-phase motors
are designated as “Premium Efficiency”motors and are 2
to 4% more efficient than a standard motor.

3) Using Variable Speed Drives (VSD): Variable speed
drives on electric motors can save considerable energy
on farms. A standard motor has two speeds, full power
or completely off. VSDs are capable of running at the
needed power rating for the given task and adjusting
speed to match the conditions. Utilizing VSDs can reduce
electricity use by 60% sometimes more.

4) Carrying out regular inspection/maintenance: Electric
motors are generally a low maintenance piece of equip-
ment but there are a few simple things that can be done to
ensure efficient and reliable operation. Removing dust
and dirt from the motor enclosure, cleaning air cooling
systems, lubricating motor bearings and correcting the
alignment of motor shafts are the most important mea-
sures should be taken to increase the energy efficiency
of motors.

Apart from AEEM which is a hardware ADSM, there are
two software types including APLS and ADRP which are in

Source Water

Underground Water Reservoir

Booster Pump

Groundwater Pump

Sprinkler

Surface Water Pump

Fig. 6 Agricultural irrigation
system with GWP, SWP and
WBP
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the greater scope of this study. The APLS is perfectly suitable
for the power systems with known peak duration, i.e. Type A,
e.g. IPS. The APLS can be determined on long notice to re-
duce the peak load of the grid. Time-based electricity pricing
is the best strategies for APLS. Time of Use (TOU), Critical
Peak Pricing (CPP), Extreme Day Pricing (EDP) and Extreme
CPP are the practical suggestions to the agricultural sector.

ADRPs are necessary for the power systems with a large
portfolio of renewable energy, i.e. Type B. In such a system,
real-time pricing is adopted in the electricity market to hedge
against the renewable power intermittency. In this way, the
new kinds of ADRPs need to be suggested to provide ancillary
services to the electricity market. Regulation, replacement re-
serve, and contingency reserve are the most important DRPs
providing ancillary services to the power grid. The ancillary
service DRPs have response time from 30 min to a few sec-
onds. Therefore, in the agricultural sector, the responsive de-
mands should be classified based on the response time to the
DR request. To achieve the aim, first of all, the technical
challenges to ADRPs are illustrated. Afterward, the workable
solutions are provided to overcome/lower the barriers.

Barriers to ADRPs

In order to suggest practical DRPs to the agricultural sector, it
is needed to know the main barriers to DRPs. The barriers are
classified into three main categories as follows:

1) Technical barriers of growers
2) Financial barriers of regulatory
3) Technical barriers of grid

In the following subsections, the main concerns are
addressed.

Irrigation Capacity

The main aim of irrigation systems is to maintain the soil
moisture to meet the water requirements of the crops. It is
evident that different crops have different water requirements.
Therefore, the size of the irrigation system depends mainly on
the type of crops. There are three attitudes to design irrigation
systems:

1) undersized irrigation systems: This irrigation system
needs to be run continuously (24/7) to meet the crops
water requirements.

2) oversized irrigation systems: This irrigation system has
excess capacity in spite of the crops water requirements.

3) standard-sized irrigation systems: This irrigation system
can meet the evapotranspiration peak of crops without
needing to run continuously.

The main reason for under-sized design is the high cost of
irrigation systems. The standard-sized irrigation system is de-
signed to compensate for the rate of evapotranspiration in the
hot hours of summer days. The oversized irrigation systems
provide more moisture to soil than the highest value of
evapotranspiration.

The undersized irrigation system is not designed properly
relative to water requirements of crops in the highest evapo-
transpiration duration. This kind of irrigation system has to
works near continuously without interruption; therefore, it is
the main barrier to the DR events. The standard-sized systems
can respond to the DR signals even in the summer.

Time of Water Delivery

Generally, pumping water from an irrigation district is done
according to a prescheduled timetable. In this way, the irriga-
tion of one farm cannot be changed without disturbing the
irrigation timetable. Moreover, interrupting water delivery
for limited farm lands, technical problems may be created
for the water distribution system.

Irrigation Source

The farms are irrigated by the on-farm water resources or an
irrigation district. The on-farm water resources, e.g. on-farm
groundwater, has the highest flexibility to respond to the
DRPs. In contrast, the farms supplied from a district has the
lowest flexibility. In this way, the ADRPs impose inconve-
nience and additional cost to the growers due to disturbing the
time of water delivery.

Irrigation Method

Broadly, there are four main methods to irrigate the agricul-
tural lands as follows:

1) Gravity (flood) Fed Irrigation Systems (GFI): The GFI
system is a cost-effective way to flow water from an ele-
vated reservoir with a pipe coming out the bottom that
feeds water into a basic drip irrigation system. The GFI is
based on natural gravity.

2) Sprinkler Irrigation (SI) Systems: In the SI system, water
is distributed through a system of pipes and sprayed into
the air through sprinklers similar to natural rainfall.

3) Low-Flow Irrigation (LFI) Systems: the LFI is an irriga-
tion method to distribute irrigation water slowly in small
volumes and targeting it to plants’ root zones through
small flexible tubes. This system is called also low vol-
ume irrigation, micro/drip irrigation, and micro sprinkler.

4) Subsurface Drip Irrigation (SDI): The SDI is a high-
ly efficient irrigation system that applies water
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below the soil surface (as opposed to surface irriga-
tion) using drip tapes [38].

In the irrigation methods, there are two conflict objectives
in term of electricity and water consumption. The GFI system
has the lowest energy intensity and the highest level of water
consumption. In contrast, the LFI system is the most energy-
intensive and the most water-efficient irrigation system.

In order to make a comparison between the irrigation sys-
tems from the viewpoint of interruption compatibility, it is
worth mentioning that the GFI is the most incompatible irri-
gation system. Although this system is the lowest energy-in-
tensive, irrigation interruption in response to the DR signals
may result in poor irrigation. The reason is that the land sec-
tions closer to the water tank receive more water than further
ones. The SI, LFI, and SDI ensure functional compatibility
with the DR events.

Crew Availability

The on-site labor is one of the major barriers concerning the
smart-level of the farm. Depending on the on-site labor, the
flexibility of the farm to respond to the DR signals reduces
noticeably. The main reason is that the interruption in the
irrigation may cause the growers to reschedule or extend the
working hours of the labor. Therefore, an additional cost is
imposed on the farm owners and inconvenience is caused.

Communication System

Generally, the remote control is the initial step to smart farm-
ing. The essential characteristic of smart farming, like any
other smart energy system, is the two-way communication
system. In the agricultural sector, most farms suffer from lack
of communication systems. One reason is that the agricultural
lands are located mostly in rural areas is not covered by the
signals of conventional communication systems.

Financial Incentive

Responding to the DR requests, additional costs are imposed
on the agricultural sector. In this way, if the financial loss is
not compensated by the beneficiary entities, e.g. power system
operator, the farm owners may be unwilling to participate in
the ADRPs. The main concern is how much financial incen-
tives should be offered to the farmers to make the ADRPs
compelling. Generally, the additional costs can be the result
of the following cases:

1) Flexible schedule of irrigation and labors’working hours.
2) Aging cost of electrical machinery due to unplanned start-

up and shut-down.
3) The attendant risk posed to the crops quality.

The extra cost imposed to the growers should be covered
by the upstream entities which are the main beneficiaries of
the ADRPs.

Distribution System

Agricultural distribution feeders are normally located in the
rural area supplying the contracted farms. These kinds of
feeders are designed based on the consumption behaviour of
agricultural electrically operated devices [39]. While most ag-
ricultural devices are electric motors, the voltage variations,
e.g. overvoltage and undervoltage, is the main concern.
Implementing ADRPs, a large number of electric motors
may be concentrated on certain hours out of DR events.
Therefore, the ADRPs may deteriorate the power quality of
the distribution feeders.

To sum up, Fig. 7 illustrates the barriers of the ADRPs
with respect to growers, distribution network and power
system regulator.

Solutions to ADRP

In this section, practical solutions are suggested to remove or
lower the barriers to ADRPs. To achieve the aim, the
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Fig. 7 The major barriers to the ADRPs. The colour box describes the
compatibility to the DR events with low, moderate and high
compatibility
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workable solutions are provided for each barrier individually.
Moreover, mathematical formulations are proposed in some
sections to make the solution perfectly clear.

Investigating DR opportunities, the basic idea is to find out
what kinds of storage capabilities are hidden in the consump-
tion behaviour of the consumers. In the agricultural sector, the
most electrical energy is used in the irrigation system to main-
tain the soil moisture within a permitted bound. Therefore, the
soil moisture is a valuable storage capability which can pro-
vide power flexibility to the power system. In this way, the
ADRPs should be coordinated with the growers to irrigate
farms out of DR events meeting the water requirements of
crops during DR implementation.

Solution to Time of Water Delivery

In order to overcome the tight schedule of water delivery, two
alternative solutions are offered as follows:

1) Rescheduling the timetable of water delivery for the
whole irrigation district instead of limited farms. In this
way, no inconvenience is caused due to interruption on
water delivery.

2) Installing a water reservoir to store water and irrigate the
crops in the off-peak hours. In this way, if an overhead
tank is used as the water reservoir, the main electricity
consumption will be shifted to the off-peak hours. In fact,
the overhead tank irrigates the farms with gravity without
needing the electrical energy. In this way, the electrical
energy is used to draw water from a surface/underground
water resource to the overhead tank out of peak hours.

Solution to Communication System

As mentioned above, the farms located in the rural area suffer
from lack of communication system. Effective ADRPs need a
secure 2-way communication system. However, conventional
communication systems may cover some agricultural lands,
the active ADRPs require reliable and fast communication. In
this way, the security of data is a serious challenge [40]. To
eliminate the barrier, an Agricultural Communication Service
Provider (ACSP) is a practical suggestion to provide two-way
communication between farm owners and ADRA. The Power
Line Career (PLC) may be used for some farms near the rural
transmission towers. Figure 8 describes the difference be-
tween the conventional communication systems and ACSP
in urban and rural areas, respectively. In the structure, the
Farm Central Unit (FCU) is a part of communication system
receiving the DR signals and sending the DR responses to the
ADRA or system operator.

Solution to Financial Incentives

Generally, incentives-based DR programs is a workable solu-
tion to motivate consumers to participate in DR programs or
compensate for the lack thereof [41]. Regarding the financial
barrier, three costs are imposed on the growers including the
costs associated with excess working hours, crops quality and
irregular operation of electric machines. In order to make the
growers compelling to participate in the ADRPs, a financial
intensive should be allocated to the contracted farms. To re-
duce the concern for the value of the intensive, the average
cost imposed on the farmers should be investigated.
Therefore, mathematical formulations are suggested to pro-
vide detailed analysis to the policy-makers.

Regarding the crew constraints, any interruptionmay cause
an extension of the working hours for the labors. Therefore,
rescheduling the agricultural activities to provide demand
flexibility to the power system, an additional cost imposed
on the growers. In order to address the cost in the determina-
tion of financial incentive, the crew constraint can be formu-
lated as follows:

Cl ¼ ∑
I

i¼1
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Fig. 8 The territory of conventional communication system and
suggested ACSP
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Cl
i;β ¼ tΔi;β � Κlabor ð2Þ

Equation (1) describes the total cost imposed on the farms
due to the extension of working hours. Equation (2) shows the
additional cost imposed on the farm for ADR duration tΔ

(hours) for one on-site labor.
In the case of irrigation, an interruption may result in water

loss/overuse. In many crops, crop price is variable and depen-
dent on yield quality e.g., water irrigation. Some research
studies are carried out to extract a mathematical function to
describe the relation of crops price and water limiting condi-
tions [42]. The mathematical formulation enables the growers
to strike the right balance between risk and profit. Moreover, it
helps the policy-makers to determine a fair mechanism to the
financial incentives. In 2016, a mathematical formulation is
extracted for sugar beet yield in the western agricultural lands
of Iran as follows [43]:

Pc ¼ a1 θþ ρð Þ2 þ b1 θþ ρð Þ þ c1 ð3Þ

Cp ¼ a2 θþ ρð Þ2 þ b2 θþ ρð Þ þ d1θþ c2 ð4Þ

Ep ¼ a3 þ b3 θþ ρð Þ½ � � d2 ð5Þ

where a1, a2, a3, b1, b2, b3, c1 and c2 are constant. d1 is the
water cost ($ m−3) and d2 is the price of unit weight of sugar
beet ($ kg−1) with sugar content 16%.

Equation (3) describes the production value of crops
(kg ha−1) in term of applied water for both irrigated and rain
water. Equation (4) illustrates the relationship between the
production cost of the crop ($ kg−1) and applied water. The
relation between crop price and the applied water is stated by
Eq. (5). The constant values are in accordance [43].

Considering the irregular operation of electric machines,
the cost of start-up/shut-down of electrically operated motors,
e.g. irrigation pumps, is the main part of additional costs
which should be met by the beneficiaries of ADRPs.
According to the datasheet of electrical pumps, there is a lim-
ited number of start-up/shut-down between two failure states.
Therefore, responding to the DR events, the possibility of
failure increases due to irregular motor switching. In order to
identify the failure cost of motors, Markov Chain Model is
used [44]. Figure 9 depicts the Markov chain to model dete-
rioration, failure, and maintenance for electrical water pumps.
In this model, F0 and F are random failure and failure due to
deterioration, respectively. κ is discrete steps. The time spent
in each stage of deterioration is exponentially distributed with
an identical mean of 1/κλ1. Maintenance is modeled as a
Poisson process with a parameter λm. Maintenance times are
exponentially distributed with a mean of 1/μm.

Regarding the Markov model, the cost of irregular
operation for the electrically operated motors can be
formulated as follows:

Cm ¼ ∑
I

i¼1
∑
A

α¼1
Cm

i;α ð6Þ

Cm
i;α ¼ π1 �

γi;α
νmax
i;α

 !
þ π0 � γi;α
� � ¼ γi;α

νmax
i;α

 !
� π1 þ νmax

i;α π0
� �

ð7Þ

Equation (6) states the total aging cost of motors. The aging
cost for one electrical pump is expressed by Eq. (7). The aging
cost Eq. (7) is comprised of two terms. The first term describes
the cost of discrete deterioration and the second term ex-
presses the cost of random failure.

In this section, three costs are considered. However, one
may extend the study and address more costs imposed on the
farms due to DR events. All in all, the financial incentive
should cover the estimated cost:

CFI ≥Cl þ Cm þ ΔCp þΔEp
� � ð8Þ

whereΔCp andΔEp refer to the increased production cost and
decreased crop price due to participation in ADRPs,
respectively.

Solution to Irrigation Capacity

The best DR potential is for the irrigation system without needing
to be run continuously (24/7). The irrigation system has an
Evapotranspiration (ET) peak which occurs in the midday of hot
summer days. on the other hand, the power system has its own
peak time. If the peak of the power system coincideswith the peak
of the irrigation system, the under-sized irrigation systems cannot
respond to the ADRPs effectively. This issue occurs for the power
system Type A. A workable solution it to redesign the irrigation
system to switch from under-sized system to standard one.

In contrast, if the peak of the power system does not coin-
cide with the evapotranspiration peak of farms, the irrigation
system has an excess capacity which can be used to provide
demand flexibility to the power system. This problem occurs
in the power system Type B where the peak of the grid does

D1 D2 D3 FDk

M1 M2 Mk-1

F0

λ0

λ0

μ0μ1

κλ1 κλ1 κλ1 κλ1

λmλmλm μmμm

Fig. 9 Markov chain with deterioration (D state), failure (F state) and
maintenance (M state) states
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not necessarily occur in the summer in coincident with the
evapotranspiration peak. Figure 10 depicts a schematic dia-
gram to describe the peak of evapotranspiration and electricity
demand for two types of power systems.

VSD Pumps

The VSD pumps can provide ancillary service and regulation
to the power system inDR events with short notices. The VSD
pumps play a crucial role in providing demand flexibility to
the power system with high penetration of renewable power,
Type B. The distinguishing characteristic is that they can re-
spond to the DR event on short notice which is necessary for
power system Type B. The VSD pumps can respond to dy-
namic pricing of electricity market or near real-time DR. On
the other hand, the VSD pumps reduce the aging cost of the
electrical pumps without needing to shut down and start-up.
Providing soft start/stop to the pumps and reducing the stress
on the well are significant features of VSD pumps.

On-Farm Renewable Power Generation

On-farm power generation from renewable resources is a
practical solution to the ADRPs. Without urban context, the
agricultural lands are appropriate locations to renewable pow-
er generation, especially wind and solar.

The on-farm solar power generation is highly appropriate to the
power system Type Awhere the peak of solar generation coincides
with the peak of the power system at midday summer. Moreover,
the farms are located in rural areas without shading of urban con-
texts such as trees or neighbouring buildings. Therefore, it can
increase the efficiency of solar power generation.

In contrast to the solar sites, the on-farm wind power genera-
tion is extremely effective to the power system Type Bwhere the
peak of the power system is a stochastic variable and coincides
with the peak of on-farm wind power generation.

Photovoltaic Pumps

The use of photovoltaic (PV) pumps is a real and quick solution
for the power systems Type Awhich suffer from a lack of power
generation at midday hours of summer. The peak generation of
PV pumps coincides with the ET peak of farms and EE peak of
the grid. Therefore, they are the best solution as an APLS.

The PV pumps are fed from photovoltaic panels. In spite of
the electrical-mechanical structure of the conventional pumps,
the PV pump system is comprised of the additional power
electronic devices as follows: (1) PV panels (2) converter (3)
inverter (4) a controller for converter/inverter [45]. The addi-
tional controllable devices increase the flexibility of the
pumps in the ADRPs. As a result, the PV pumps are compat-
ible with both APLS and ADRP. The main concern is
shading or partial shading due to soiling and clouds
which are causal in rural lands.

Solution to Crops Value

Implementation of DRPs in the agricultural sector, the crops qual-
itymay be affected if thewater requirements are notmet complete-
ly. In order to remove the concern, the value of crops should be
considered in the ADRPs. Generally, from the viewpoint of crop
quality, there are two types of crops: (i) high-value crops and (ii)
low-value crops. The high-value crops, e.g. vineyard, refer to ag-
ricultural products which the electricity price is a small fraction of
the crop price. Adversely, in the low-value crops, e.g. hey, the cost
of electrical energy is a large fraction of crop price. It means that
the growers of high-value crops prefer not to put their valuable
crops at risk for a few dollars. Adversely, the growers of low-value
crops are willing to respond to the DR request because of consid-
erable money-saving. Therefore, to make the ADRPs highly suc-
cessful, the farms with low-value crops should be a high priority
and vice versa. In order to incorporate the value of crops into the
ADRPs, a new criterion, called Risk to Benefit Ratio (RBR), is
suggested in this study as follows:

ηκ ¼ Risk

Benefit
¼ F

Ce

Cp

� �−1

ð9Þ

The crops are classified based on the criterion ηκ. The fields
with low ηκ are high priority than the fields with high values.

In order to make the problem clear, Fig. 11 describes the
share of electricity cost as a percentage of total production cost
for some farms. Moreover, the associated RBR values are
calculated to investigate the priorities to the ADRPs.
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The step-by-step instruction to determine ADRPs
with respect to the crops value is illustrated in
Instruction Box 1. This instruction provides guidance
for the beneficiaries of ADRPs to motivate the growers
to respond to the DR events.

Challenge: Reduction the risk associated with crops value

Instruction: The solution has the following steps:

Step 1: Classify the agricultural fields according the types of the 
crops.
Step 2: Calculate the RBR for each type of crops regarding local 

constraints.
Step 3: Form matrix [Ψ] whose first column shows the RBR in order 

from lowest to highest RBR rank. The second column describes the 

priority of ADRP for the corresponding crops.
Step 4: The crops with lower row number in matrix [Ψ] determines 

the more responsive demands to the requested DR.

Step 5: The crops with high row numbers suffer from lack of interest 
to respond to the ADRPs. If the participation of such demands is 
necessary, an attractive financial incentive should be offered to 

compensate the lack of interest.

Box 1. ADRPs Corresponding to the Value of Crops

Solution to on-Site Crew

In order to reduce the labor barrier, a remote control is
a practical suggestion. The remote control reduces the
number of on-site labors to manually switch off/on the
irrigation systems. It needs to upgrade the current
equipment and installs new equipment. It is worth men-
tioning that many growers may be unwilling to install
remote control. The main reason is the high investment
cost of equipment. To compel the growers to install
remote control devices, governmental financial support
is a helpful suggestion. The main beneficiaries of ADR,
e.g. power system operator, may allocate a supportive
budget to shift the financial burden toward the govern-
mental entities. In order to control the agricultural lands
by an aggregator remotely, an instruction is suggested
in Instruction Box 2.

Agricultural Demand Response Aggregator

In the previous sections, the main barriers to the ADRPs were
illustrated. Afterward, practical solutionswere suggested to break
the barriers. Responding to the DR events, individual demand
flexibilities cannot satisfy the power system requirements. In
other words, the power system needs aggregated demand flexi-
bilities instead of segregated ones. In this way, if the flexibility
potentials of agricultural lands are aggregated properly, the resul-
tant flexibility can guarantee the power system flexibility when
power shortage occurs or system reliability is jeopardized.

Generally, The Energy Information Administration (EIA)
[47] defines an aggregator as a marketer, broker, public agen-
cy, city/county/special district that combines loads of multiple
end-use customers in facilitating the sale and purchase of elec-
trical energy, transmission, and other services on behalf of the
customers. The ADRA is defined as a grid-dependent entity
who gives the contracted farms the opportunities to know their
demand flexibility on one side and integrate the aggregated
flexibility potentials to the power systems. It is evident that the
structure and duties of ADRAs depend heavily on the type of
power system in term of penetration of intermittent power.

In this section, a practical structure is proposed for
the ADRA. Breaking the barriers to ADR programs, the
farm flexibilities should be aggregated to meet the pow-
er system requirements. To achieve the aim, a workable
solution is proposed for the ADRA to facilitate the in-
tegration of farm flexibilities to the power system. In
the suggested structure, the ADRA uses three trading
floors in the electricity market to integrate demand-
side flexibility with different response time, from 24 h
prior to energy delivery time to near real time, to the
electricity market. This is one of the main contributions
of the study to suggest a new intermediary entity be-
tween supply-side and agricultural-side.

ADRPs suffer from a lot of challenges and barriers.
Therefore, a wide gap exists between the ADRPs, power sys-
tem and agricultural consumers. In order to narrow the gap, a
third party entity, i.e. ADRA, is needed to remove the barriers,
motivate the farmers and market the ADRPs to the growers.
Figure 12 depicts the role of suggested ADRA in the power
system as an intermediary agent. In the next subsections, a
mathematical structure is proposed for the ADRAs.
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Fig. 11 The share of electricity cost as a percentage of total production
cost for some farms. The raw data is extracted from the National
Agricultural Statistics Service (NASA) [46]

Challenge: Eliminate the barrier to the crew constraint

Instruction: The DR beneficiaries should follow the following steps:
Step 1: Equip all the agricultural wells with Remote-controlled 

circuit breaker.
Step 2: Classify the contracted farms into M clusters using 
clustering approaches, e.g. k-means.

Step 3: Consider the centroid of each cluster as the local ADRA.
Step 4: Schedule the irrigation time of each cluster based on the 
local peak demand (the local ADRA is responsible to set out the 

irrigation timetable for the contracted farms)
Step 5: Determine the RBR values associated with the crops 
irrigated by each agricultural wells.

Step 6: Write a priority list in order from lowest to highest RBR rank
Step 7: Receive the expected amount of power shortage in the 
peak hours from the power system operator.

Step 8: Switch off the breakers of the wells according to RBR rank.

Box 2. ADRPs to Control the Agricultural Wells Remotely
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ADRA to Power System Type A

In the power system Type A, the electricity price is the single
uncertain variable. There is no power intermittency due to
renewable energies. One may consider the demand level as
the second uncertainty. However, there is a strong correlation
between demand and electricity price. In such a power system,
the satisfactory solution is to optimize the problem under the
worst-case realization of the single stochastic variable. To
achieve the aim, robust-based solution methodologies are sug-
gested. The robust approaches are efficient in time and calcu-
lation burden of the problem in comparison with the stochastic
techniques which suffers from complexity and a heavy time
burden of computations.

In order to motivate the growers to shift the power con-
sumption out of DR events, the ADRA incorporates time-
based DRPs, i.e. TOU, CPP, and ED-CPP, to the electricity
market. Increasing the electricity price in the DR durations, a
considerable amount of electricity consumptions is shifted out
of peak hours.

ADRA to Power System Type B

The power system Type B is overwhelmed by uncertain vari-
ables. The power intermittency of renewable resources, e.g.
wind and solar energies, are the key stochastic variables. In
this way, a clear correlation cannot be found between electric-
ity price, demand level, and renewable power. The main rea-
son is that renewable power follows the environmental factors
while the electricity consumption of consumers has its own
sociodemographic characteristics. In such a power system,
stochastic programming is an effective solution. The compel-
ling reason is that stochastic programmingmakes it possible to
study the problem under severe uncertainties associated with
more than one stochastic variable.

Figure 13 shows how the ADRA Type B facilitates participa-
tion of different farm equipment in the ADRPs, from 24-h ahead
to near real-time. In this structure, the power traded in the day-

ahead, adjustment and balancing markets should be restricted. In
this way, the power purchased from the day-ahead market is
restricted to the sum of energy consumption in the irrigation
system of the farms which can be scheduled 24 h prior to the
energy delivery time (long notice-based DR programs). The
power traded (purchased/sold) in the adjustment market is re-
stricted to the electricity consumption of VSD pumps which
can be switched off/on 60 to 10 min prior to the energy delivery
time (mid notice-based DR programs). In this market, the con-
ventional electric pumps (without VSD) cannot participate in the
DR programs. The reason is that conventional pumps cannot
change the electricity consumptionwithout switching, i.e. regular
startup/shutting down. Implementing DR programs on the con-
ventional pumps, a heavy financial loss may be imposed on the
equipment/crops due to damages to the electric motors/crops
quality. The power traded (purchased/sold) in the balancingmar-
ket is limited to the energy injection of the wind-storage systems
with the ability to change power within a few minutes (short
notice-based DR programs). Generally, in order to trade power
in the balancing market, a two-price scheme is used as follows:

Law1: if the power system imbalance is negative, i.e. the
deficit of energy in the electricity market, the balancing
price is as follows [48]:

∀t∈ τ;…;Nτf g :
λBM þð Þ
t ¼ λDAt
λBM ‐ð Þ
t ≥λDAt

�����
Law2: if the power system imbalance is positive, i.e.
excess of energy in the electricity market, the balancing
price is as follows:

∀t∈ τ;…;Nτf g :
λBM ‐ð Þ
t ¼ λDAt
λBM þð Þ
t ≤λDAt

�����
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Fig. 13 Time-oriented ADRPs from 24 h ahead to near real time
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Fig. 12 Framework of ADRA as an intermediary entity in the power
system
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Note that ± subscripts show balancing prices for positive/
negative imbalances. The two laws enforce that the deviations
with opposite direction to the power system imbalance are
priced at the day-ahead market price. The reason is that these
deviations provide up−/down-regulation as the power system
needs. In contrast, imbalances with the same direction of the
system are settled at the clearing price of the balancingmarket.

Conclusion

In this paper, demand response programs for the agricultural
sector is comprehensively described. First of all, two kinds of
power systems were identified from the viewpoint of renew-
able power penetration. Afterward, the flexibility require-
ments of the two types of power systems are introduced.

In order to suggest demand response programs applicable
in the agricultural sector, the technical and regulatory barriers
were illustrated. To break the barriers, practical solutions were
offered. In addition, great opportunities were provided to fa-
cilitate the integration of agricultural demand response pro-
grams to the power systems.

The results showed that there are some technical barriers in
the agricultural demand response programs. In this way,
Irrigation capacity, time of water delivery, irrigation source,
irrigation method, crew availability, communication system,
financial incentive and distribution system are the most im-
portant barriers. In order to lower the barriers, workable solu-
tions were proposed as follows:

& Rescheduling the timetable of water delivery
& Installing a water reservoir in farms
& Allocating incentives-based DR programs to farmers
& Using Variable Speed Drive (VSD) pumps
& Installing on-farm power generation from renewable

resources
& Using photovoltaic (PV) pumps

Finally, in order to guarantee power system flexibility, ba-
sic structures were suggested to the agricultural demand re-
sponse aggregators (ADRA). The suggested ADRA integrates
the farm flexibilities from 24 h prior to energy delivery time to
near real time. The results showed that the ADRA is a clear
need for future power system.

All in all, the main contributions of the paper can be stated
as follows: (1) Classifying of the main barriers of agricultural
demand response programs (2) Proposing workable solutions
to break the barriers and (3) Suggesting a practical structure
for agricultural demand response aggregator to facilitate the
integration of farms flexibilities to the electricity market.

Although this paper conducted a comprehensive research
study about the agricultural flexibility potentials, some critical

issues remained for future researches. The following issues
can be innovative ideas for future researches in this area:

1) Providing a coordination technique between ADRAs and
other aggregators in the power system like industrial and
residential demand response aggregators.

2) Investigating the flexibility potentials to the other types of
farms, e.g. dairy industries or livestock.

3) Using data-driven approaches to estimate the power gen-
eration of on-farm solar/wind sites in the rural area with-
out needing to install costly infrastructure.
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