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Abstract 

Rural and remote communities are more vulnerable to damage caused by extreme events as 

compared to urban areas. Natural disasters can disrupt basic supplies such as domestic water 

supply and cooking needs in addition to electricity outages. The recognition of the interlinked 

nature of food, water and energy has gained momentum over the past few years. Smart 

Integrated Renewable Energy System (SIRES) has been proposed to handle basic needs such 

as cooking, domestic and irrigation water supply, and electricity to remote rural areas in an 

efficient and sustainable manner. Critical needs and non-critical needs for a typical rural 

community are discussed. The proposed approach is studied for two different scenarios: wind 

subsystem is inoperable and hydropower is inoperable due to the destruction caused by a 

natural disaster. In this paper, it is shown that employing SIRES could improve overall 

resiliency as compared to microgrids. 
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1. Introduction 

Food, water and energy needs are the essence of overall development in rural areas. Global 

demand of these needs is rapidly increasing with population growth, urbanization and climate 

change [1]. Millions of people still lack access to these basic needs with majority living in isolated 

rural areas. There has been significant progress in electrification of rural areas in developing Asia 

since 2000. However, economic downturn and health crisis due to COVID-19 pandemic will slow 

down the progress especially in rural Africa. According to International Energy Agency (IEA) [2], it is 

projected that 660 million people may still not have access to electricity in 2030 owing to rapid 

population growth and difficulties due COVID-19. Moreover, around 2.6 billion people lack access 

to clean cooking facilities, relying instead on solid biomass, kerosene or coal as their primary cooking 

fuel. 785 million people lack access to basic domestic water based on World Health Organization 

(WHO) report [3]. By 2025, half of the world’s population will be living in water-stressed areas. 

In 2015, world leaders agreed to 17 Sustainable Development Goals or SDGs at UN Sustainable 

Development Summit. These goals have the power to create a better world by 2030, by ending 

poverty, fighting inequality, sustainable energy access and addressing the urgency of climate change. 

In particular, goal 2 addresses the hunger issue, goal 6 targets availability of safe water for all and 

goal 7 states the need to ensure access to affordable, reliable and sustainable energy for all [4].  

The interconnections between food, energy and water sectors known as FEW nexus has received 

considerable attention in recent years [5]. The nexus is characterised by resource interdependencies 

which means that any decision that is made in one sector has an impact on other sectors. As seen 

in Figure 1, energy and in particular electricity is required for water treatment, distribution and 

pumping and food processing and storage. On the other hand, water (hydropower) and biomass 

obtained from food waste (biogas) can be used to produce electricity. In addition, water is also used 

for cooling system of power plants. Lastly, food production requires irrigation water and water 

quality depends on the agriculture production because of non-point source pollution.  

 

Figure 1 Interconnections of food-energy-water nexus. 
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Food-Energy-Water (FEW) nexus was first mentioned by World Economic Forum in 2011 as 

Water-Food-Energy-Climate Nexus in “Water Initiative” report. The report states that water lies in 

the heart of nexus of food, energy, climate, economic growth and human security challenges that 

the global economy faces over the next two decades [6]. Since then, several frameworks and models 

have been proposed to understand the complexity of the nexus [5]. Shannak S et.al reviewed 

current FEW nexus models to identify key opportunities and challenges in FEW design and modelling. 

An overview of the processes, methods, policies and interconnections of food, water and energy 

resources was addressed in [7]. The authors reviewed current state of research on nexus 

approaches and main challenges to the implementation along with future insights are mentioned. 

An integrated model that captures the interactions between water, food and energy at household 

scale was studied by Wa’el Hussien et al. [1]. They develop models for household water 

consumption, energy consumption and food consumption. In addition they also studied the impact 

of income and seasonal variability on water, energy and food. Melissa Hang et.al proposed a 

methodology for the design of local production systems and developed a superstructure-based 

optimization model specifically for FEW nexus through a case study for a designated eco-town in UK 

[8]. However, none of these studies focus on using renewable energy resources for consistently 

fulfilling basic needs such as food, water and energy. Ebrahim Karan (2016) designed and analysed 

a small-scale FEW system for a typical family of four (2 adults and 2 children) that can collect or 

recycle its own water, supply energy needs powered by solar PV panels [9]. The authors optimized 

the system based on decision variables such as size of the system, water recycling capacity and solar 

system. 

As seen from the above mentioned literature review, most of these studies are based on the 

concept of electrification. Earlier approaches such as Grid Extension, Electricity Home Systems (EHS), 

Hybrid Energy Systems (HES) and Microgrids have been implemented to provide electricity in rural 

areas [10]. However, as of now, very few systems are based on the principle of energization to meet 

all the basic necessities. Smart Integrated Renewable Energy System (SIRES) was proposed in [11] 

to fill this gap by fulfilling basic needs using local renewable energy resources such as solar energy, 

wind energy, biogas and water. As mentioned previously, extreme events can interrupt supplies to 

basic needs such as cooking and water facilities in addition to electricity outages. Hence, in this 

paper, a priority-based energy management technique for SIRES is proposed to improve resilience 

during major disasters in remote rural areas. 

In section 2, state of the art of resilience for food, water and energy, more specifically electricity 

is presented. Renewable energy resources utilized by SIRES and basic needs expected to be fulfilled 

for the rural community are described in section 3. In section 4, resilience enhancement framework 

for SIRES is discussed. Section 5 describes results obtained for two different scenarios for SIRES and 

compared with results obtained for microgrid. Finally, concluding remarks are succinctly presented 

in section 6. 

2. State of the Art of Resilience 

Unexpected and extreme events can potentially disrupt the operations of a complete system 

comprising of food supply chains, water network supply, and electric power grids that are in turn 

supported by communications, transportation and other network infrastructures. Disruptions and 

system component failures can lead to negative economic, environmental and social impacts on 
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unprecedented scales. Figure 2 illustrates a typical curve for performance of a system associated 

with an extreme event such as drought, flooding, heatwaves or winter storm. Consider Extreme 

Event (E) occurs at incident time (ti). Several system components can fail as the severity of the event 

increases. Consider tf is the time of failure or the time at which system components begin to fail. A 

few components may work despite of the extreme event based on the Failure Probability (FP) of the 

component. Failure probability (FP) is described as the probability of a component to be inoperable 

when an extreme event occurs. As a result, partial needs are fulfilled by the system components 

that are operable after the event occurs. Other components are repaired or replaced as required so 

that the system is 100% functional by time (tr) or the recovery time.  

 

Figure 2 Typical system performance after an extreme event occurs. 

Vibhas Sukhwani et.al studied the integrated decision making platforms at regional level and 

believe it will significantly enhance the collective resilience to emerging socio-economic challenges 

[12]. A novel computational framework that incorporates “algorithmic resilience thinking” to 

achieve adaptive and robust inter-networked FEW systems was developed in [13]. Authors in [14] 

mention the lack of research of FEW nexus at local level; compounding the vulnerability of FEW 

nexuses at local, regional and national scales.  

2.1 Resilience Aspects of Microgrids 

Existing power grid is reliable during normal conditions and low impact foreseeable 

contingencies. However, resilience of power grids to extreme events has been a major concern for 

utilities and researchers. According to the Department of Energy (DoE), weather-related power 

outages are up by 67% since 2000 [15]. In point of fact, outages due to extreme weather events 

were 73% higher in 2020 (1.3 billion hours) as compared to 2019 (770 million hours), according to 

PowerOutage.US. More recently, winter storm Uri triggered blackouts forcing nearly 4 million 

people in Texas alone to live without electricity and heat for several days amid polar temperatures. 

Furthermore, domestic water and cooking facilities disruptions affected over 12 million people as 
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reported by Texas Tribune [16]. Hotter heatwaves, harsh winter storms and more ferocious 

hurricanes linked to climate change are expected in the coming decades. Rural communities, in 

particular face more challenges in emergency and disaster management as compared to their urban 

counterparts [17]. Limited funding resources, geographic distances and lack of training 

opportunities are major obstacles for disaster resilience in rural communities. 

Various studies are conducted to enhance the resilience of power systems against diverse natural 

disasters. Use of microgrids has gained popularity as the most common solution for resilience 

enhancement [18]. A microgrid can isolate itself when a major disruption occurs due to extreme 

events and supply power to critical loads. Thus, microgrids can either be used as a community 

resource or local resource to enhance resiliency of power grid. Several strategies to enhance the 

resiliency of microgrids have been developed by researchers. Liu et.al presented a framework for 

analysing the resilience of the power grid with integrated microgrids in extreme conditions. The 

authors employed Monte Carlo method to calculate resilience indices [19]. A resilience-oriented 

optimization strategy for networked hybrid microgrids is proposed in [20]. In addition, a resilience 

index was proposed to assess the capability of each microgrid to feed local critical loads during 

sudden power disruptions. In [21], a self-organization and decentralized energy management of a 

microgrid cluster islanded from main grid after a disruptive event is proposed. A study to enhance 

the resilience of hybrid microgrid considering feasible islanding and survivability of critical loads was 

conducted by [22]. An energy management system to enhance the resiliency of microgrid during 

islanded mode was proposed by [23]. The objective was to minimize the amount of critical loads 

while maximizing non-critical load served. In the above literature review, microgrids were used to 

enhance resilience and these studies on only focused on electrical loads. However, in this paper, 

SIRES was used to enhance the resilience and loads such as water for domestic and irrigation 

purposes and biogas for cooking in addition to electrical loads are considered. 

3. Resources and Needs 

SIRES utilizes locally available renewable resources to satisfy basic energy needs in an efficient 

manner by matching resources with needs a-priori. As mentioned before, past approaches have 

focused on electrification whereas SIRES concentrates on energization of rural areas. The terms 

“energization” and “electrification” have been often mistaken to be synonymous. However, as a 

matter of fact, Electrification can be considered as a subset of Energization. Microgrids is an example 

of electrification wherein all available resources are converted to electricity whereas SIRES is a 

version of energization. In energization, resources are directly utilized to fulfil basic needs and can 

generate electricity as required. As such, biogas can be directly used for cooking in preference to 

converting into electricity and then using it for cooking. Similarly solar and wind energy are used to 

pump water to overhead reservoir to serve domestic and irrigation water and to generate electricity. 

A possible configuration of SIRES is given in Figure 3. 
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Figure 3 A possible schematic diagram of SIRES [11]. 

A typical remote rural area with 700 people and 450 cattle is considered in this study. It is 

assumed to be located at 36.1156°N, 97.0584°W and the area has ample water. Height of the 

reservoir is considered as 20m. Hourly solar irradiation and wind data are obtained from the Climate 

and Data Services, Oklahoma Climatological Survey. Typically, agriculture is the main occupation of 

people in rural areas. Considering 9 tons of collectible biomass (agriculture, animal and human 

wastes), 300 m3 of biogas can be produced daily [24]. Needs of the rural communities can be broadly 

classified into two types: Critical needs and non-critical needs. Basic requirements such as cooking, 

water for drinking and domestic purposes, lighting (domestic and community), cold storage for 

medicines, hospitals, low grade heating (space and water heating) and fans for ventilation are 

considered as critical needs. Refrigeration is not critical at the domestic level but will be in the 

community level for storing medical supplies. On the other hand, Small-scale industries, shops, 

educational institutions, communications (radio, television sets, cell phone chargers), medium 

grade heating (industrial process heating, crop processing) and water for irrigation purposes are 

considered as non-critical needs. 

Based on data obtained from [25], every person requires 0.34-0.42 m3 of biogas daily for cooking. 

Hence for 700 people, around 250-300 m3 of biogas is required every day for cooking purposes. 

Since cooking is a critical need, a minimum of 250 m3 of biogas is required. Approximately 100 m3 

of water is the critical water need required for domestic purposes such as drinking, personal hygiene 

and washing dishes [26]. 200 acres (80 hectares) of land is used for agriculture. It is estimated that 

125 m3 of water is needed per hour for the entire irrigated land. However, this need is considered 

as non-critical when the extreme event occurs. Making electrical load projection for people who 

have little or no experience is difficult task. Therefore based on empirical knowledge and literature 

review, it is estimated that daily electrical consumption of the rural community is 375 kWh. Critical 

electricity needs required by the community is 175 kWh whereas remaining 200 kWh is considered 
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as non-critical load. If microgrid is used to fulfil these basic needs, then their electrical equivalents 

are given in Table 1. Electricity equivalent of 0.05 m3 of biogas used for cooking is 0.17 kWh [27]. 1 

kWh of electrical energy can pump 9.175 m3 of water to the reservoir [28]. Pattern of energy 

consumption was obtained from City of Stillwater Utilities and has seasonal variations.  

Table 1 Critical, non-critical and total needs for microgrid and SIRES. 

Needs Critical Needs Non-Critical Needs Total Needs 

SIRES Microgrids SIRES Microgrids SIRES Microgrids 

Cooking (Biogas) 250m3 850kWh 50m3 170 kWh 300 m3 1020 kWh 

Water  100 m3 10 kWh 3000 m3 330 kWh 3100 m3 340 kWh 

Electricity 175 kWh 175 kWh 200 kWh 200 kWh 375 kWh 375 kWh 

Table 2 compares the current approaches versus technologies used in SIRES. Wind and solar 

energy are given the highest priority to fulfil electricity and water pumping needs. The reason to use 

wind and solar energy is because majority of biogas is used for cooking and water needs to be stored 

in reservoir to fulfil water demands.  

Table 2 Current approaches versus technologies used in SIRES. 

Needs Current Approach 
Technologies to be 
used in SIRES 

Priority  

Cooking 
Woodstoves, 
Biomass, Charcoal 

Biogas obtained from 
biogas digesters Solar 
Cooker, Improved stoves 

Critical Need 

Water (drinking, 
Domestic and 
community purpose) 

Hand pumps, Wells, 
Electricity powered 
pumps 

Wind turbines powered 
water pumps, PV 
powered water pumps 

Critical Need 

Lighting (domestic 
and community 
including street 
lighting) 

Oil and kerosene 
lamps, Unreliable and 
short duration 
electricity 

Electricity from SIRES  
 

Critical Need 

Cold storage for 
medicines, hospitals 

Grid based or no 
electricity 

Electricity from SIRES Critical Need 

Small-scale 
industries, shops, 
educational 
institutions 

Grid based or no 
electricity, Traditional 
methods 

Electricity from SIRES 
 

Non-Critical Need 

Communications 
(radio, television 
sets, cell phone 
chargers) 

Grid based, Battery 
banks and charging 
stations, solar home 
systems, 

Electricity from SIRES 
 

Non-Critical Need 

Low grade heating 
(space and water 
heating) 

Wood Charcoal, 
Animal dung and crop 
residues 

Flat plate solar collectors, 
Solar crop dryers, Biogas 

Critical Need 
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Medium grade 
heating (industrial 
process heating, crop 
processing) 

Wood, Biomass 
 

Concentrated solar 
collectors, Electricity 
from SIRES 

Non-Critical Need 

Water (irrigational 
purpose) 
 

Electricity powered 
water pumps 
 

Wind and Solar powered 
water pumps, Water 
available in reservoir, 
Biogas driven water 
pumps 

Non-Critical Need 

Energy Storage Battery 

Biomass and biogas 
energy storage, Potential 
energy in form of water, 
Battery storage 

--- 

3.1 Mathematical Models of System Components  

For this study, models that are presented are based on hourly values and therefore are classified 

as hourly models. Mathematical models of system components are represented by the equations 

(1)-(17) for a given day ‘i’ and time ‘t’  

A biogas power generation unit constitutes of a biogas-driven engine generator, biogas digesters, 

a biogas collection tank, controls and piping for successful operation. The energy generated by a 

biogas generator (Pbio(t)) is given by: 

𝑃𝑏𝑖𝑜(𝑡) = 𝜂𝑏𝑖𝑜 ∗ 𝑉𝑏𝑖𝑜 ∗ 𝐸𝑏 (1) 

Where nbio is efficiency of biogas generator, Vbio(t) is volume of biogas (m3), and Eb is 5.6kWh/m3 

which is the energy equivalent of biogas.  

If Qt (m3/s) (water flow) passes through hydro turbines, then energy generated by a picohydro 

power plant (Phydro(t)) is given by equation (2). 

𝑃ℎ𝑦𝑑𝑟𝑜(𝑡) = 𝜌𝑤 ∗ 𝑔 ∗ 𝑄𝑡(𝑡) ∗ 𝐻𝑑 (2) 

ρw is the density of water (1000kg/m3), g is Acceleration due to gravity (9.8m/s2) and Hd is effective 

height of the reservoir (m). 

Consider a PV array consists of Ns modules in series and Np modules in parallel at an inclination 

angle given by . Energy generated by PV panels (Pi
PV(t, )) in kWh are as given below [29]. 

𝑃𝑃𝑉
𝑖 (𝑡, 𝛽) = 𝑁𝑠 ∗ 𝑁𝑝 ∗ 𝑉𝑜𝑐

𝑖 (𝑡) ∗ 𝐼𝑠𝑐
𝑖 (𝑡, 𝛽) ∗ 𝐹𝐹𝑖(𝑡) (3) 

𝐼𝑠𝑐
𝑖 (𝑡, 𝛽) = {𝐼𝑆𝐶,𝑆𝑇𝐶 + 𝐾1[𝑇𝐶

𝑖(𝑡) − 25°𝐶]} ∗
𝐺𝑖(𝑡, 𝛽)

1000
(4) 

𝑉𝑂𝐶
𝑖 = 𝑉𝑂𝐶,𝑆𝑇𝐶 − 𝐾𝑉 ∗ 𝑇𝐶

𝑖(𝑡) (5) 

𝑇𝐶
𝑖(𝑡) = 𝑇𝐴

𝑖(𝑡) +
𝑁𝐶𝑂𝑇 − 20℃

800
𝐺𝑖(𝑡, 𝛽) (6) 
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Where Vi
oc(t) is open-circuit voltage, VOC,STC is open-circuit voltage under Standard Test Conditions 

(STC),KV is open-circuit temperature coefficient (V/C), Ii
SC(t, β) is PV module short-circuit current (A), 

ISC,STC is short-circuit current under STC (A), Gi(t, β) is global irradiance (W/m2), K1 is short-circuit 

temperature coefficient (A/C), Ti
A(t) is Ambient temperature (C), Ti

C(t) is cell temperature (C), NCOT 

is Nominal Cell Operating Temperature (C) provided by the manufacture and FFi(t) is Fill Factor. 

Energy generated by wind turbines (Pi
WG(t)(kWh)) is a function of wind speed and is presented in 

equation (7) [30]. 

𝑃𝑊𝐺
𝑖 (𝑡) =

{
 
 

 
 𝑃𝑟

𝑣𝑖(𝑡, ℎ) − 𝑣𝑐
𝑣𝑟 − 𝑣𝑐

       𝑣𝑐  ≤ 𝑣
𝑖(𝑡, ℎ) ≤  𝑣𝑟

𝑃𝑟                                𝑣𝑟  ≤ 𝑣𝑖(𝑡, ℎ) ≤  𝑣𝑓
0                                                               𝑒𝑙𝑠𝑒

(7) 

where Pr is rated electrical power (kW), vc, vr and vf cut-in, rated and cut-off wind speed in m/s 

respectively. vi(t, h) is wind speed at desired wind turbine installation height h.  

Modeling of wind mechanical water pump (QWG(t)), PV powered water pump (QPV(t)) and biogas 

powered water pump (Qbio(t)) is shown in equation (8), (9) and (10) respectively [31-33]. 

𝑄𝑊𝐺
𝑖 (𝑡) =

1

8
𝜂𝑝𝑑𝐶𝑝𝑑𝑣

𝑖(𝑡)𝐷𝑇
𝜌𝑎
𝜌𝑤
[
𝐺𝜆𝑑
𝑁𝑝𝑑

]
𝑉𝑑
3

𝑔𝐻𝑑
(8) 

𝑄𝑃𝑉
𝑖 (𝑡) =

𝑁𝑆 ∗ 𝑁𝑃 ∗ 𝜂𝑝 ∗ 𝑃𝑃𝑉
𝑖 (𝑡, 𝛽)

𝜌𝑤 ∗ 𝑔 ∗ 𝐻𝑑
(9) 

𝑄𝑏𝑖𝑜
𝑖 (𝑡) =

𝜂𝑝𝑢𝑚𝑝 ∗ 𝜂𝑒𝑛𝑔𝑖𝑛𝑒 ∗ 𝑉𝑏𝑖𝑜
𝑖 (𝑡) ∗ 5.6 ∗ 367

𝐻𝑑
(10) 

For wind mechanical water pump, hpd is efficiency of the pump at design point, ρa is density of 

air (kg/m3), DT is diameter of the wind rotor (m), Vd is design wind velocity (m/s2), Cpd is design power 

co-efficient of the wind rotor, Npd is speed of the pump at design point (m/s2), G is gear ratio and λd 

is design tip speed ratio of the wind rotor. ηp, ηpump and ηengine is efficiency of PV water pump, biogas 

water pump and biogas engine respectively. 

Battery modeling expressions are given in equations (11)-(14) [24, 30]. 

𝐶𝑚𝑖𝑛 = 𝐷𝑂𝐷 ∗ 𝐶𝑛 (11) 

𝑃𝐵
𝑖 (𝑡) = 𝑃𝑊𝐺

𝑖 (𝑡) + 𝑃𝑃𝑉
𝑖 (𝑡, 𝛽) + 𝑃ℎ𝑦𝑑𝑟𝑜

𝑖 (𝑡) + 𝑃𝑏𝑖𝑜
𝑖 (𝑡) − 𝑃𝑙𝑜𝑎𝑑

𝑖 (𝑡) (12) 

𝐶𝑖(𝑡) = 𝐶𝑖(𝑡 − 1) + 𝜂𝑏
𝑃𝐵
𝑖 (𝑡)

𝑉𝐷𝐶,𝐵𝑢𝑠
Δ𝑡 (13) 

𝐶𝑖(24) = 𝐶𝑖+1(0) (14) 

where Pi
B(t) is battery input/output energy (kWh), Pi

load(t) is energy needed to fulfill the electricity 

load (kWh), Cmin is the minimum permissible battery capacity, DOD is maximum permissible Depth 

Of Discharge, Cn is nominal capacity, Ci(t) is available battery capacity (Ah) and VDC,bus is DC bus 
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voltage (V). ηinverter and ηb is efficiency of inverter and battery respectively. Δt is simulation time step 

in hours and is equal to 1.  

When biomass undergoes anaerobic fermentation in the digester, biogas is produced. Volume of 

biogas digester (DV) is given by equation (15) [24], 

𝐷𝑉 = [𝑚𝑎𝑛𝑢𝑟𝑒 (
𝑚3

𝑦𝑒𝑎𝑟
) + 𝑐𝑜 − 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 (

𝑚3

𝑦𝑟
)] ∗

𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒(𝑑𝑎𝑦𝑠)

365
(15) 

Total electricity generated at hour t can be given as:  

𝑃𝐺𝑒𝑛
𝑖 (𝑡) = 𝑃𝑊𝐺

𝑖 (𝑡) + 𝑃𝑃𝑉
𝑖 (𝑡, 𝛽) + 𝑃ℎ𝑦𝑑𝑟𝑜

𝑖 (𝑡) + 𝑃𝑏𝑖𝑜
𝑖 (𝑡) (16) 

Total amount of water pumped at hour t can be given as:  

𝑄𝑃𝑢𝑚𝑝𝑒𝑑
𝑖 (𝑡) = 𝑄𝑊𝐺

𝑖 (𝑡) + 𝑄𝑃𝑉
𝑖 (𝑡, 𝛽) + 𝑄𝑏𝑖𝑜

𝑖 (𝑡) (17) 

4. Resilience Enhancement Framework 

The prime distinction of SIRES is its focus to energize remote rural areas rather than electrify as 

promoted by hybrid systems and microgrids, in order to achieve sustainable development and 

improve the basic living environment of rural masses. Firstly, needs are prioritized based on 

necessities of daily life. For example, cooking would be on a higher priority when compared to 

electricity, and water for domestic purpose would be on a higher priority when compared to 

irrigation water. Secondly, resources are prioritized to fulfill needs based on availability with highest 

priority given to solar and wind followed by water, biogas and energy storage.  

4.1 Methodology 

The key difference between employing microgrids versus SIRES is the fact that in SIRES, the 

resources and needs are directly matched without going through any intermediate energy 

conversion before use. In microgrids, all the resources are converted to electrical form for use. A 

framework for energy management to enhance the resilience of SIRES is shown in Figure 4. When 

an extreme event occurs, available resources are identified using sensors that are strategically 

placed at locations where the quantity of resources have to be monitored. Electricity generated and 

water pumped by each system component are calculated. Based on the availability of resources, 

critical needs are identified and supplied at hour t. If critical needs cannot be satisfied, then most 

important “critical needs” such as electricity for hospitals, domestic water are fulfilled using stored 

energy and critical needs not fulfilled are calculated. After critical needs at hour t are fulfilled, it is 

vital to store energy to ascertain that these need are continued to be fulfilled for at least 6 hours. 

This period gives sufficient time to replenish depleted resources. Excessive energy is used to supply 

non-critical needs at hour t. Surplus electrical energy and water remaining after fulfilling the critical 

and non-critical needs is used to store energy in form of electricity in batteries, potential energy of 

water in reservoir and biogas in digester. In addition, constraints such as maximum battery level, 

maximum reservoir capacity and maximum storage capacity of the biogas digester are considered. 

If any of the storage capacities are at 100%, then the energy is supplied to dump load.  
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Figure 4 Priority-based Energy Management framework. 

5. Case Studies and Results 

Based on results obtained in [10] using genetic algorithm, 7.5 kW solar PV, 9 kW wind power, 6 

kW biogas generator, 5 kW Hydropower, four Solar Water Pumps, ten wind water pumps, a biogas 

water pump are required for optimal operation of SIRES for minimum Annualized Cost of System 

(ACS) and maximum reliability. If same needs are fulfilled by microgrid (electrification), then 50 kW 

of Solar PV, 10 kW of wind power, 5 kW of biogas generator, 6 kW of Hydropower must be installed.  

Solar PV consists of PV modules, storage (such as battery), converter, switches and inverters. 

Failure of either subcomponent can lead to failure of PV system. Inverters have a higher failure rate 

when compared to the PV modules. According to [33], after one year, a 100-kW PV has a 97.9603% 

probability of operating without failure, while the inverter only has 88.2497% probability. On the 

other hand, the reason of failure of biogas digester can be due to failure of low level switch, low 

level alarm, O2 controller, H2S controller and water trap pump. Average failure probability of biogas 

digester per year is 0.172 [34]. Hence, due to low failure probabilities, it is assumed that solar PV 

and biogas are not damaged as a consequence of the extreme event. Since biogas is operational in 

both scenarios, it is considered that cooking need is fulfilled by SIRES since it is given highest priority. 

Remaining biogas is used to fulfill water and electricity needs. Two different cases are considered 

to evaluate the effectiveness of the proposed energy management to improve resilience. Same 

energy management strategy is applied to SIRES and microgrid. MATLAB software was used to 

implement energy management algorithm. 
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5.1 Scenario 1-Wind Subsystem is Non-Operational 

Wind turbine subsystem constitutes of rotor, blades, controllers, power module, drive train and 

auxiliary system. Failure in any one of these subcomponents will lead to failure in wind turbines. 

Failure probability for a geared wind turbine below 1MW rated capacity per year is 0.46 [35]. In this 

scenario, it is considered that wind subsystem consisting of wind turbines and wind powered water 

pumps is non-operational when extreme even occurs. Therefore, 𝑄𝑊𝐺
𝑖 (𝑡) and 𝑃𝑊𝐺

𝑖 (𝑡) are equal to 

zero in equations 16 and 17. Electricity generated by solar, biogas and hydropower in SIRES is 

depicted in Figure 5. It can be observed that majority of the critical electricity needs, total needs 

and water needs are not fulfilled around 20:00 since there is no availability of solar energy for water 

pumping or electricity needs. On the other hand, there is high demand for electricity and water 

during the same time duration. This holds true for both SIRES and microgrid. However, SIRES is more 

successful in satisfying critical loads when compared to microgrid. Overall, 7.27 kWh of critical 

electrical loads and 124.4 kWh of total electrical loads are shed if the wind subsystem fails in SIRES. 

 

Figure 5 Results obtained for scenario 1 for SIRES. 

Critical domestic water needs are completely fulfilled although wind powered water pumps are 

non-operational. However, 650 m3 of irrigation water requirements is not fulfilled by SIRES. If 

microgrids is installed instead of SIRES, then 161.94 kWh of critical load and 382.53 kWh of total 

load is not fulfilled when wind turbine is inoperable. Electricity generated by each renewable energy 

and critical load not fulfilled by microgrid are depicted in Figure 6. 
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Figure 6 Results obtained for scenario 1 for microgrid. 

5.2 Scenario 2-Hydropower is Non-Operational 

Pumped storage hydropower can fail if there is a failure in turbines, valves, generator, governor, 

air compressor, exciter and automatic control. Failure probability of pumped hydro storage is 0.33 

[36]. In this scenario, it is considered that hydropower is non-operational when extreme event 

occurs. Therefore, Phydro
i  is equal to zero in equation 16. From Figure 7, it can be observed that no 

critical electrical load is shed if hydropower is inoperable.  

 

Figure 7 Results obtained for scenario 2 for SIRES. 
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However, 83 kWh of total electrical loads are shed if hydropower fails in SIRES. Critical domestic 

water needs is completely fulfilled. In addition, it is observed that there is an increase in the amount 

of irrigation water fulfilled since wind water pumps are operational. 532 m3 of irrigation water 

requirements is not fulfilled by SIRES since water is stored in reservoir for emergency purposes. If 

hydropower is inoperable in microgrids, then 135.21 kWh of critical load and 349.26 kWh of total 

load is not fulfilled. Electricity generated by each renewable energy and critical load not fulfilled by 

microgrid for scenario 2 are depicted in Figure 8. 

 

Figure 8 Results obtained for scenario 2 for microgrid. 

Table 3 and Table 4 summarizes the results obtained for microgrid and SIRES. From the above 

scenarios, it is evident that SIRES fulfills more needs when an extreme event occurs when compared 

to microgrid even if same energy management algorithm is applied. Therefore, it can be inferred 

that using SIRES enhances resilience as compared to microgrid. 

Table 3 Critical and total needs not fulfilled by microgrid. 

Microgrid Scenario 1 Scenario 2 

Critical Needs not met 161.94 kWh 135.21 kWh 

Total needs not met 382.53 kWh 349.26 kWh 
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Table 3 Critical and total needs not fulfilled by SIRES. 

SIRES Scenario 1 Scenario 2 

Critical Water Needs 
not met 

0 m3 0 m3 

Total Water needs not 
met 

650 m3 532 m3 

Critical Electricity 
Needs not met 

7.27 kWh 0 kWh 

Total Electricity 
needs not met 

124.24 kWh 83 kWh 

5.3 Energy Storage 

The pattern of energy storage is different for critical loads and non-critical loads is different. 

When an extreme event occurs, the main aim is fulfil critical loads which are extremely important 

for human survival. Therefore, energy storage such as battery and water in reservoir are used to 

fulfil critical needs if the resources are insufficient. If the energy storage can fulfil requirements for 

a minimum 6 hours, then other non-critical needs are fulfilled. Figure 9 and 10 represent the pattern 

of energy storage such as water in reservoir and battery bank during the fulfilment of critical needs 

and non-critical needs respectively. As observed in Figure 9, electricity is discharged from battery 

during peak hours (7pm-9pm). It is observed that more water is discharged to fulfil non-critical loads. 

Similarly, higher amount of electricity is discharged from battery banks to fulfil non-critical loads.  

 

Figure 9 Energy storage pattern to fulfil critical loads. 
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Figure 10 Energy pattern for non-critical loads. 

6. Conclusions 

The realization of food, water and energy nexus is a reminder that there is transition of scientific 

thought towards integrative thinking to address global challenges. One of the major challenges is 

natural disasters which can cause significant interruptions in water supply, electrical grids and food 

supply. Rural communities in particular tend to face more difficulties responding to disasters due to 

financial constraints and a lack of training and equipment. This study aims to propose an energy 

management framework to enhance resilience in remote rural communities by employing a Smart 

Integrated Renewable Energy Systems (SIRES). A detailed analysis of critical loads, non-critical loads 

and resources is presented. Implementation of this framework focuses on the critical needs such as 

cooking needs, domestic water and electricity for lighting, hospitals and heating. Simulations were 

conducted for two different scenarios based on higher probability of failure rates of system 

components if an extreme event occurs. Critical needs and total needs not fulfilled by SIRES and 

microgrids were compared and analysed. Since there is no SIRES in operation anywhere, this paper 

discuss hypothetical cases to illustrate the possibility of improving resilience. From the results, it 

was found that SIRES fulfils more critical needs and non-critical needs when compared to microgrids. 

Hence, SIRES performs better in enhancing resilience as compared to microgrids in remote and rural 

communities. 
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