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Abstract 

The government of the Maldives has committed to sustainable energy, and yet the reality 
is that remote communities rely on diesel power generation. Fuel supply reliability is a constant 
problem. Renewable energy could reduce reliance on fuel, but cost and operational complexity 
are barriers to development. This paper describes the power supply system and end uses for the 
village island, Fenfushi, Maldives. Hybrid microgrid engineering design analysis using 
HOMER demonstrates the prohibitive cost of wind and solar systems to meet the normal 
village load profile. The paper explores the novel idea of differentiating the loads by 
importance, and asking end users to nominate their voluntary demand participation (VDP) by 
adjusting their activities to reduce loads when requested. The VDP concept was modeled as 
deferrable load in HOMER and a hybrid renewable energy system optimization provided lower 
cost power than the diesel-only microgrid with less than 10% excess renewable generation. 
The authors worked with end users and the local microgrid operator to develop a VDP 
operational strategy and signal to customers. The VDP concept includes a simple method for 
the powerhouse operator to monitor fuel use, calculate fuel use till next delivery and a 
benchmark for signaling VDP temporary load reduction from the end-users. A trial of the VDP 
signal to end users was carried out. The results demonstrate a key concept of energy transition: 
100% renewable energy cannot reasonably substitute for fossil fuel supply to satisfy the 
habituated demand developed when fossil fuel was abundant and low cost. However, essential 
needs can be met with reasonable renewable energy investment if demand is voluntarily 
adjusted to match supply.  

Keywords: demand side management, energy transition, remote communities, microgrids, 
sustainable energy, demand response 

Nomenclature: 

VDP Voluntary demand participation: end users change activities to preserve 
essential level of power supply, elicited without a price signal.  

DG Distributed generation with diesel generator 
HRES Hybrid renewable energy system 
Remote A power system that is not connected to a grid utility 
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Essential End uses, activities and services necessary for health, safety and wellbeing 
FS Fuel supply in the bunker, available until the next delivery 
TSA Number of days until next fuel delivery 
NL Daily fuel consumption under normal load on the microgrid [L/day] 
CCR Constrained consumption rate that would be necessary to avoid depletion of the 

fuel bunker supply [L/day] 
d VDP signal parameter  
MCL Medium constrained load with optional end uses curtailed [L/day] 
SCL Severely constrained load with only essential loads [L/day] 
 

 
1. Introduction 

About 1 billion people currently live “beyond the power lines” in places without access to 
a national grid or a microgrid. People living on islands and remote areas, where grid extensions 
are considered uneconomical, rely on microgrids using diesel generators. Diesel generator sets 
are by far the simplest, lowest capital cost, and lowest maintenance electricity generation 
technology for remote areas. Supply of diesel fuel for power generation has become a major 
issue for remote, off-grid communities served by a microgrid. The main reason for diesel 
supply shortages is price shocks, which rapidly deplete the foreign cash reserves of small 
countries and reduce the amount of fuel they can purchase [1]. Remote deliveries of generator 
fuel are also disrupted by weather, infrastructure problems, long supply chains and political 
unrest. Increased demand can also exceed the available generation capacity. Simply put, in a 
remote area, if people use the available fuel before the next delivery then the fuel runs out and 
the power goes off until the next delivery. 

1.1 Demand response (DR) 

Demand response (DR) is normally elicited by price signals given by the utility [2]. Most 
studies have focused on pricing signals, smart meters and the price induced behavior change 
[3]. DR has been explored by Valenzuela et al., using an agent-based model to facilitate the 
consumers in using forecasted day-ahead prices to shift the daily energy consumption from 
peak to off-peak hours [4].  Flexible DR has demonstrated network benefits including voltage 
profile improvement, loss minimization and valley filling [5, 6]. However, consumers tend to 
shift their peak load from the periods of high tariffs to a time when the tariff is lower, while 
maintaining the total energy consumption [7].  

There are a range of methods for providing the feedback to customers [8]. Studies have 
shown that when end-users are aware of their usage, they will manage their total consumption 
by as much as 20% depending on factors such as the dwelling type, age of the 'head-of-
household' and the energy consumption levels [9]. Using an online interactive web page, Ueno 
et al. found that household energy consumption reduced by 18% due to the rise in energy-
consciousness of the household members [10].  
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The power meters used in microgrids rarely have the capability for time-of-use pricing, and 
costs are often a flat rate. Thus, the appropriate approach for remote communities is to use their 
traditional behaviors of cooperation and coordination to manage the energy use as required to 
provide reliable essential services. The main DR mechanism for remote village microgrids is 
the voluntary behavior derived from understanding of the microgrid operation and desire for 
the best possible service.  

 1.2 Voluntary demand participation (VDP) 

Voluntary demand participation (VDP) is a new idea that involves the decisions of the end-
user to change the amount of energy used, by changing the normal individual behavior patterns 
in order to achieve the shared community objectives. The signals for participation are not price-
related. VDP is an approach that does not rely on price for two reasons. Firstly, low-income 
households use less electricity and are disproportionately disadvantaged by high prices at peak 
times. Secondly, in most remote communities the microgrid metering equipment does not allow 
for time-of-use charge differentiation, and many remote systems have flat rates that do not 
depend on units consumed. The motivations for VDP must align with the values of the 
community for the services provided by electricity, fairness, and wellbeing. Potential 
motivations have been proposed, including the avoidance of future price increases, reduction 
of environmental impact, and avoiding risks of losing power service [11].  

VDP is a developing area of study, and there is limited literature available on its application. 
A study carried out in Christchurch, New Zealand, showed that as high as 10% of morning and 
7% of evening peak load, can be shed or shifted by using VDP [12]. The results of the Eco-
living Program carried out in Singapore shows that a combined use of leaflets and stickers to 
create awareness among the consumers can reduce the average consumption by as much as 
15.8% [13]. The concepts of community and social benefit as motivation factors are starting to 
be considered [14]. The role of customer sensibility to environmental impacts has been 
investigated through participating in green-electricity purchases, but results have shown that 
perceived consumption of an environmentally friendly option actually increases demand [15]. 
One of the most commonly assumed benefits of smart meters for residences is the information 
about their own electricity consumption, but the main motivating signal to the customer is the 
price, and not the other factors like grid security, efficiency, economic sufficiency or 
environmental impact [16].   

1.3 Energy end-use constraints 

Limiting customer load was used in the early days of grid-supplied electricity, and more 
recently in the Isle of Eigg where a sustainable energy system was established as a community 
project [17].  Experience from Isle of Eigg shows that by introducing a constraint on individual 
household’s maximum peak demand, the load shape can be controlled and hence avoid load 
shedding and blackouts. Households on Isle of Eigg differentiate their optional, deferrable and 
essential loads. The households regulate their activities by observing meters showing their 
consumption. End users are motivated by the constraint, because if they reach the load limit, 
their supply trips off.  
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1.4 Remote microgrids and traditional communities 

End use in island communities and remote villages in developing nations is quite different 
from the first world. A traditional community refers to people with largely indigenous origins 
and with some non-electricity energy capabilities to meet their essential needs. For example, 
households typically have kerosene lamps and cook stoves, and some have their own household 
generators. This diversity of ways to meet essential needs lends a degree of energy resilience 
often lacking in households with connection to reliable grids. The industrial loads are most 
likely cottage industries using hand tools, sewing machines, pumps and motors.  

The standard microgrid design approach is to define the load profile, then carry out 
modeling of a range of designs and operational schemes, like including deferrable load or 
storage, and to optimize on system cost and environmental impact [18]. Many remote 
microgrids do not have meters and instead customers pay according to their attached 
appliances. Where meters are installed they are usually very simple and low-cost, and often 
customers pay a flat rate regardless of use because there is no meter reader or power bill 
processing operation. Most of the published optimized designs for stand-alone microgrids are 
overly complex and expensive for remote traditional communities. 

A single three-phase generator serving a village with several hundred connections is much 
more likely to experience trip-outs, and customers are accustomed to the power supply shutting 
down and coming back up. There have been few reported studies on demand response in the 
design for village scale power networks and no case studies with a traditional community to 
develop appropriate participatory response to the electricity power issues they are experiencing 
[19].  

1.5 Contributions of this work 

Here look at the problem from a new perspective where the objective is to help the 
community to understand the basic issues of their microgrid operation and how their usage 
patterns have a role in the cost and reliability of the supply. Remote communities are much 
more likely to experience power outages and a main reason is the fuel supply reliability. Our 
hypothesis is that if the community members understand what the constraints and operational 
issues are, then this understanding can be incorporated into the microgrid operation to improve 
reliability for essential loads. The operation of remote microgrids is an area requiring more 
research. The research questions are: 

1. What is an appropriate method of VDP management for the operator of a remote 
powerhouse? 

2. How do households voluntarily respond to change their daily energy activity 
patterns when motivated to preserve essential services?  

3. How can VDP be integrated into microgrid engineering and operation for 
sustainability? 

This paper proposes a novel voluntary demand participation (VDP) approach for an existing 
microgrid that does not rely on price signals, installing new generation capacity, or smart grid 



  5 

 

technologies. The design objective is to maintain electric power services at a level that provides 
for essential energy activities. The economic reality of the remote community is that there will 
be no further investment in new generation or metering technology. The novel idea explored 
here is using human intelligence as part of the smart grid. The approach is to audit the energy 
system, then to provide the understanding of the microgrid operation to the people, develop 
their adaptive capacity, produce a simple predictive analysis for the microgrid operator, and 
design a communication method for the operator to signal constrained load conditions and 
provide feedback to customers about the progress toward the shared objective of maintaining 
power supply. Several of the key components were designed and tested on the island village of 
Fenfushi, Maldives. Voluntary demand participation has wider implications for energy 
transition engineering utilizing customer participation motivated by preservation of service and 
community values such as emissions reduction.   

 

2. Fenfushi Maldives energy system 

A village-scale energy audit was carried out in 2012 in A.Dh. Fenfushi, an island in the 
Republic of Maldives. The island had 120 residential households at the time of case study. 
Governmental buildings include a health center, an office including the judiciary, a school and 
powerhouse. There are two mosques and a pharmacy. Commercial institutions include 8 small 
shops, some with freezer units, and 2 cafes. The industrial loads are 3 carpentries and 2 boat-
building yards. Figure 1 shows a schematic diagram of the energy system.   

The powerhouse operates 24 hours a day, supplying electricity for the entire island. The 
powerhouse has 3 diesel generators which cannot be run synchronously. The generator capacity 
ratings are: generator one (G1) is 128kW, generator two (G2) is 160kW and generator three 
(G3) is 80kW. During the study, the government was interested in wind or solar PV generation 
but these projects had not been initiated. Critical loads like the medical clinic or communication 
equipment may have an uninterrupted power supply. The battery energy system (BES) can be 
charged with DC, so it is possible to install solar PV to maintain the BES state of charge. In 
remote locations, delivery of fuel oil is intermittent, and often subject to weather and transport 
infrastructure conditions. The current level of fuel in the storage tank, and the date of the next 
delivery are important operational factors. There is a significant level of noise pollution from 
diesel generator sets, exhaust fumes, and ground and water pollution from fuel spills.  

Two main fuel storage tanks are located just outside the powerhouse building. Fuel is 
transported to the island on a barge every 15 days. A smaller 'day tank' is located inside the 
powerhouse which is used to supply the fuel to the generators. This day tank is monitored and 
logged daily. Daily fuel use and 15-minute power generation data were collected from the 
hand-written powerhouse records. 
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Figure 1. Schematic diagram of a typical remote community microgrid system with 3 diesel 
generators (DG), solar photovoltaic panel (PV) with battery energy storage (BES), critical load at a 
medical clinic and intermittent loads at cottage industries and the community schools. 

 

2.1. Village-scale energy audit 

The energy audit survey was carried out by the authors personally visiting the island from 
August to October 2012. The method for carrying out the community energy audit is a variation 
of the standard level one energy audit for buildings adapted to a village [20]. Residential loads 
were determined by observation of all connected homes for penetration of air conditioning and 
refrigerators. A total of 30 households were randomly chosen to complete an audit survey. The 
survey was conducted in an informal environment, in the native language, at a time that suited 
the participant. The person being questioned was head of the household. The survey asked 
households to report all electric devices and the number of rooms they use. The data was 
validated by personal discussions with residents about their energy activity systems and 
patterns of daily life, as well as counting appliances in a representative sample of homes and 
all of the facilities [21, 22]. Loads at the public facilities and shops are assessed by observation 
and interviews. 

Figure 2 provides contextual photos of the power generation and metering facilities, a shop 
and a house. The power supply system and connections were assessed by observation of all 
buildings and evaluating the functionality of their power supply and meter, and mapping the 
network.  

 

Power	House	

UPS	
Isola/on	

Residen/al	
Loads	

Cri/cal	Load	

DG	1	

Solar	
PV	

Intermi=ent	
Loads	

BES	

DG	2	 DG	3	
	

Fuel	
Tank	

AC	Bus	

Residen/al	
Loads	

Meter	

Fuel	Level	

Next		
Delivery	

Residen/al	
Loads	

Meter	Meter	

Trip	Out	

Noise		
Pollu/on	

Fuel	Spill	



  7 

 

 

Figure 2. Fenfushi, Maldives clockwise from top left; powerhouse and fuel tanks, generators inside 
the powerhouse, household electricity meter, shop freezer, living room with TV and ceiling fan, 
kitchen with small refrigerator and ceiling fan and lights. 

 

The energy audit survey results show that all the households have ceiling fans installed in 
at least one room while 47% of the households have both fans and air-conditioning units 
installed. The use of air-conditioning devices is on the rise on the island. Figure 3, shows that 
the electrical demand required for running the air-conditioners is the largest contributor to 
energy consumption. Households with air conditioners tend to have them in the living rooms, 
and reported using them mostly in the evening before bed. During the day, the fans in the 
bedrooms would be off. The kettle is used to boil water in the morning and at dinnertime. Most 
houses have a rainwater tank that supplies water by use of a hand pump. The electric water 
pumps are for the ground water which is brackish and used primarily for toilets and in case of 
no rain water.   

2.2. Adaptability Survey 

Adaptability is a measure of the voluntary load reduction nominated by households. 
According to the adaptability survey, almost all the participants agreed on either switching off 
or changing the time when the air-conditioning units are used. Figure 4(a) shows the appliances 
that residents reported willingness to switch off in case of fuel constraint, and the population 
percent that agreed to do so when asked in order to preserve an essential level of electricity 
supply.  

FUE
L 
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Figure 3. Village energy audit results for percentage of appliance electricity consumption in the 
residences. 

 

The adaptability survey also found that people were willing to reduce the number of 
household lights and fans used as shown in Figure 4(b) and (c). The high level of willingness 
to reduce fan use significantly is important in this hot, equatorial environment where air motion 
is also used to reduce mosquito bites during sleeping. The essential loads identified in the 
survey were primarily the refrigerators and freezers and main lights.   

Figure 5 shows the average load curve during the months of September and October 2012, 
calculated from powerhouse data. There are two major peaks, the first one at noon and the 
second in the evening. The noon peak is mainly due to the cooling loads. The temperature of 
the island at noon can reach up to 33oC. Most of the air-conditioners and fans are turned on at 
this time of the day. The evening peak is mainly lighting, and in most of the houses, television 
sets are turned on during this time of the day. Furthermore, a lot of people operate their air-
conditioners in the evening, mainly to cool down the rooms before they go to sleep. The peak 
demand is actually in the night while most people are sleeping. This is because people use 
ceiling fans in all bedrooms, and typically more than one fan to facilitate comfort in sleeping 
and to disturb alighting of mosquitos. A simple diversified demand model was used to estimate 
the modified load shapes if the optional appliances nominated in the survey were switched off, 
and if only the essential loads remained on [21].  
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Figure 4.  Voluntary demand response reported from household surveys for various appliances. 

 

A community meeting was held to discuss the project and explain the idea that the 
powerhouse operator could signal the fuel constraint and people could reduce electricity use in 
order to keep the power supply secure for important uses. The comments during the meeting 
were all positive about the idea. Like most small remote villages, the people spend a lot of time 
visiting and discussing the latest news. In Fenfushi, all of the residents are Muslim and have 
long family ties to the island. Thus, this very high level of willingness to participate in demand 
reduction just by being asked is not surprising for a traditional community. This may be an 
important difference from developed countries with national grid networks, but there is 
currently no reported research on cooperative adaptability in developed countries for 
comparison.  
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Figure 5.  Normal average load shape from powerhouse data (red), and load shapes when optional 
loads are removed (green) and when only essential loads are met (blue). 

 

3. Hybrid renewable energy system (HRES) incorporating VDP 

In this section, we explore concepts for hybrid renewable energy systems with distributed 
generation (HRES-DG). An HRES-DG system could have any combination of diesel generator, 
wind turbines, solar PV and battery storage with different AC or DC technology and with 
different capacities for each [21]. Locally generated wind and solar electricity with integration 
of battery storage could help to reduce diesel fuel use, and thus help to mitigate impact of fuel 
shortages without demand side management [22-24]. However, prohibitive capital costs and 
operational and maintenance issues hamper deployment of wind turbines, solar PV and 
batteries in island communities [25]. In this study we explore the novel concept of including 
VDP in the system design. The VDP strategy applied to HRES-DG uses all available diesel 
generation capacity plus wind and solar to meet the normal load, and assumes VDP can reduce 
the load to only the essential loads when wind and solar are not sufficient. This analysis does 
not consider diesel fuel supply constraint.  

3.1 HOMER modelling for Fenfushi power supply 

The nominal electric load used for the model consumed 108,000 L of diesel fuel per year, 
providing 395,000 kWh/yr with average of 650 kWh/day with peak demand of 80 kW. A total 
of 27 different configurations were modeled using the configuration shown in Figure 6(a). All 
hybrid systems were modeled as parallel configurations as seen in Figure 6(a), as this allows 
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synchronous bi-directional power flow between battery bank and AC generators, reducing the 
risk of power supply breaks. The measures of merit for the simulations are capital cost of the 
system, percentage of renewable energy penetration, surplus power generated and unit cost of 
electricity (COE). The solar resource is relatively constant throughout the year with average 
irradiance of 5.31 kWh/m2day. The wind resource varies from average wind speed of 6 m/s in 
January to 3 m/s in April with annual average 4.7 m/s. A range of component sizes were used 
in simulations for design selection and the optimization function in HOMER was used to 
determine the final design using net present cost as the objective function.  

 

 

 

Figure 6.  Hybrid renewable energy system (HRES) using the moderately constrained load condition 
in the design as an allowed shortfall, and the severely constrained load as a deferrable load. (a) Final 
system configuration, (b) Roughly 1/3 electricity supply from each wind, solar PV and diesel.  

 

Table 1 gives the components used in the HOMER modelling exploration. Excess 
electricity generation is one of the issues with HRES design. The intermittent nature of wind 
and solar means that if a system is sized to meet the normal demand, there will be substantial 
excess electricity. For example, the 100% renewable model for the normal load (with no VDP) 
using only wind and battery requires 1395 batteries, 195 wind turbines, has COE = $0.77/kWh 
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and has excess generation of 1,137,586 kWh per year, which is 300% excess generation. 
Clearly, such a system is not feasible for many reasons, the least of which is that Fenfushi is 
not large enough to site this number of wind turbines.  

Table 1. HRES system component specifications for compatibility with the normal load 
microgrid on Fenfushi, Maldives.  

Component Selected  Specifications Cost (USD) 
Diesel Generator 40 kW Lifetime = 20,000 hr  

MLR = 30%,  
ECE = 0.08 L/hr/kW  
O&M = 0.05 $/hr 

0.25-0.50 $/W  
1-1.5 $/lit 

Wind Turbine WES 5 Tulipo 
5 m Tower 

2.5 kW Rated Power 
Cut-in = 4 m/s 

1.5 – 2.25  $/W Turb 
0.8 – 1.2  $/W Aux 

Solar PV  Standard Lifetime = 20 yr 
Azimuth = 180o 
Derating Factor = 80% 

4.2  - 6.0 $/W Panel 
0.6 – 1.0 $/W Aux 

Battery Rolls S460 Capacity = 2.76 kWh 
Lifetime = 1394 kWh 

$300 / each 

Inverter/Power 
Conditioner 

12V DC  
230V AC 

Efficiency = 95% 
Lifetime = 15 years 

0.11 $/W 

VDP  Medium VDP = 25% reduction 
Severe VDP = 50% reduction 

0.00 $/W 

 

3.2 Results – Design of a HRES-VDP micro grid 

The HOMER platform does not have a VDP function, so the reduction to the essential-only 
end uses was approximated using the deferrable load function. The moderately constrained 
adaptive load (MCL) or the severely constrained load curve (SCL) were used during hours 
when the wind plus solar capacity could not provide the normal load.  

The optimal configuration with VDP load reduction found by the optimization function in 
HOMER includes wind, solar PV and battery storage with monthly generation given in Figure 
6(b). The diesel generator could meet the severely constrained demand for essential loads with 
peak demand of 35kW. The wind and solar together can also meet the severely constrained 
load when operating at full capacity. The bank of 370 batteries is sized to provide 50% of the 
daily load at 30% discharge but VDP is used to manage any additional shortfalls. The system 
has 18 wind turbines with total rated capacity of 45 kW, and solar panels with total rated 
capacity of 85 kW.  The cost of electricity (COE) is $0.37 /kWh which is lower than the flat 
rate paid by residents of $0.40 /kWh in 2012, which was subsidized by the government. The 
modelled annual electricity production is 386,444 kWh, of which 9.61% is excess electricity 
generation. Thus, the VDP capability unlocks the cost benefits of renewables and provides 
substantial renewable energy penetration without loss of essential loads.  

The HOMER model of the current diesel-only system was also modelled and calibrated 
with the available data. The HRES-DG optimal system with VDP operation provides fuel 
savings of 77,021 L of diesel per year, which is a 66.5% reduction. Total renewable penetration 
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of 70% would be achieved, 34% of which would be from PV arrays and 36% from wind 
turbines. 

 

4. Voluntary demand participation (VDP) strategy 

There is currently no procedure for the powerhouse operator to determine if the fuel supply 
in the tank is sufficient to provide the normal load until the next delivery. There is likewise no 
system to provide information about the possibility of a power outage to the community. Under 
the current operation regime, when the fuel runs out, the power goes out. This has become an 
increasing problem since the world oil price spike of 2008. Many governments and utilities had 
to cut shipments to remote communities because of lack of foreign currency and budget 
constraints. The strategy is to provide information to households about the fuel supply situation, 
help them plan their VDP actions, develop the VDP action signal, and train the powerhouse 
operator to determine the need for the signal and to use the VDP to manage loads. 

4.1 Operator estimation of fuel supply constraint 

The operator determines the normal load each day by monitoring the fuel use and 
considering provided data about the average of previous years during the same month. The 
operator determines the fuel supply level each day by observation of the fuel level. The amount 
of fuel that would be used over the days until the next fuel delivery is easily estimated for the 
normal load. 

𝑁𝐿𝐹𝑆 = 𝑁𝐿 ∙ 𝑇() (L) (1) 

Where NLFS [L] is the fuel supply needed under normal load conditions, NL [L/day] is the 
daily fuel use under the normal load conditions, and TSA is the number of days until the next 
stock arrival. If the fuel in stock is enough to maintain a stable supply of electricity until the 
next stock arrives, then no VDP is required.  

𝑖𝑓	𝐹𝑆 > 𝑁𝐿𝐹𝑆			𝑡ℎ𝑒𝑛	𝑛𝑜	𝑉𝐷𝑃	𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 (2) 

Where FS [L] is the current liters of fuel available in stock. For example, the normal fuel 
use is NL = 500 L/day, the next delivery is in TSA = 15 days, and the fuel bunker is holding FS 
= 9000 L. In this case, NLFS = 7500 L, the normal load can be supplied, and there is no need 
for VDP action.  

Depending on the amount of fuel in storage and the days available until the next stock 
delivery, the amount of fuel that can be consumed per day without running out of fuel and 
experiencing a black-out can be easily calculated. 

CCR = <(
=>?	

   (L/day) (3) 

where CCR [L/day] is the constrained consumption rate in liters per day, FS is the liters of 
fuel available in stock on the day and TSA is the number of days until next stock arrival. The 
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control parameter is the difference between the constrained consumption rate and the actual 
consumption rate.  

𝛿 = NL − CCR  (L/day) (4) 

where d is the shortfall parameter (L/day) on a given day. If fuel is being consumed at a 
rate faster than the sustainable rate, then d will be positive.  

4.2 Operator constraint signal  

The end users have nominated activities, and appliances that are optional that they would 
cease if given a “medium constrained load” (MCL) signal. They have also identified the loads 
that are essential and they would use only the essential appliances under “severely constrained 
load” (SCL) signal.  The value for the shortfall parameter, d on a given day that triggers a VDP 
signal for adapting loads and a period of time needed is benchmarked to the normal load for 
the month. The operator would calculate the parameter each day and determine if the conditions 
to send the signal to reduce load is to be given: 

If d < 0.25 NL No Action 

If d > 0.25 NL Signal MCL condition for 4 days 

If d > 0.5 NL Signal SCL condition for 3 days 

 Figure 7(a) illustrates the daily fuel consumption for a 30 day period where the average 
normal load is NL = 574 L/day. In this illustration, the fuel stock capacity is 22,000 L, the 
normal consumption for the previous month is 20,000 L. However, in this month the fuel 
available after the delivery is only FS = 14,000 L, which is 3000 L less than needed. The CCR 
is calculated each day using Equation (3). Without any constraint action, the powerhouse runs 
out of fuel 5 days before the next delivery.  

The moderate constrained load is MLC = 410 L/day, and severely constrained load SCL = 
320 L/day. Figure 7(b) shows the same 30-day period with VDP control in operation. On day 
8 the MCL signal is generated as d > 0.25 NL. After 4 days of MCL signal the condition is 
lifted. The operator should send a message to the community letting them know that further 
constrained operation will be needed this month as there is a fuel supply constraint.  

Again, on day 15 the d > 0.25 NL condition is met, and 4 days of MCL signal are given. 
At day 22 the control parameter d > 0.5 NL and the SCL signal is given for 3 days. For this 
example, the fuel supply lasts until the delivery date on day 30. The operator would then send 
a message to the community that the fuel supply was down to 210 L when the delivery arrived 
and that all of the measures people took have worked.  
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Figure 7. Example of 30 days microgrid operation with average normal load NL = 574 L/day, MCL = 
410 L/day, SCL = 320 L/day.  Fuel supply (FS) on day 1 is 20% below the normal consumption. (a) 
microgrid operation with unconstrained consumption resulting in fuel shortage of 5 days. (b) VDP 
control system implemented with 8 days of moderate constrained load signal and 3 days of severe 
constrained load signal resulting in no power failure. 
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4.2 Operator signal strategy 

Diesel generators have highest fuel efficiency at the rated generation capacity, with reduced 
efficiency at part load. The Fenfushi power house has two generators. Figure 6 shows the 
minimum and peak demand on each day of the year.  The 80 kW generator can provide nearly 
all of the demand, except at peak times. If the operator rolls over to the 120 kW generator when 
the load is nearing peak, then the fuel use per kWh is substantially higher due to the lower fuel 
efficiency of the big generator in the 60-90 kW range. For example, at 80 kW load, the 120 kW 
generator delivers 2.2 kWh/L while the 80kW generator delivers 3 kWh/L. Thus, peak clipping 
for 2 hours for 5 days could reduce fuel use by around 100L. A signal could be given to 
customers to delay any un-necessary power use for 3 hours. A message would then be sent to 
customers reporting the success of the effort. If the residents did not reduce load then a message 
would remind residents that the risk of power outage is increasing.  

Consider the load profile for the day in week 34 shown in Figure 8. Signal option 1 is for 
constrained load only during the peak period to avoid roll-over to the larger generator which 
would save 40 L of fuel. Signal option 2 is for maintained constrained load throughout the 
whole day which would save 240 L of fuel.  

 

Figure 8. Typical data from the microgrid serving 700 people on a Maldives village island. The 
concept of voluntary demand participation (VDP) is illustrated for a day in August where two options 
are available: (1) peak reduction possibly by deferred load and (2) constrained load. 
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In Figure 8 the option 2 is a SCL condition aimed to reduce energy consumption by 
curtailing all nominated appliances for a day or more. For example, people may be asked to 
unplug some appliances, not use irons or air conditioners and other appliances they have 
nominated as being able to do without. Daily signals and feedback could be used to give 
residents the fuel supply status and report the amount of load reduction they have achieved. 
The main aim of the supplier should also be to minimize the amount of time the households 
spend in this condition. If the SCL is sufficient to reduce the risk of fuel shortage, then a signal 
can be given that some necessary activities can be undertaken.  

The powerhouse operators would require a simple calculation sheet to determine the status 
of the control parameter each day. They would also need targets for VDP signals modeled and 
estimated ahead of time with a standard signal method. The powerhouse operators in remote 
communities have been trained in how to re-start and roll-over the generators. They are 
instructed to write down the data for hourly load levels and carry out basic maintenance. The 
system for estimating the fuel use, the signals to be sent, the system to send signals via text 
messages, and the means to measure the fuel level and estimate the level of VDP required must 
be developed and delivered to the powerhouse operators and they would need to be trained to 
carry out the VDP operations.  

 

5. VDP signal and response test in Fenfushi 

A VDP signal design and test has not been previously reported in the literature. There have 
been examples of governments or utilities urging customers to reduce demand during a crisis 
situation, and most of them have been successful. But grid customers perceive a natural disaster 
or other crisis to be a one-off event. Here we investigate the third research question - how can 
VDP be integrated into microgrid engineering and operation for sustainability? 

5.1 VDP signal design 

The people who participated in the adaptability survey generally had in-depth discussions 
about the project and operation of the power system with the author. Through further 
discussions and a community meeting, most people became informed about the VDP research 
program. The two types of signals were discussed with participants. The design of the signal 
was to target 30 people who are senior members of their households in the community with a 
text message in the native language. Note that cell phones with text messaging are ubiquitous 
amongst residents. The idea for sending only 30 text messages is to avoid signal fatigue. If the 
need for the constraint becomes more urgent, (e.g. d increases) then more messages can be sent 
out to more households. The message would give a start time and a constraint level. Feedback 
messages would be sent letting the first 30 people know about effectiveness and when the end 
of the constraint was expected.  Due to equipment limitations, there were no separate 
monitoring devices installed in the individual households, and the load was measured at the 
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powerhouse. This means the data collected during the signal test include the participating 
households as well as those that were not directly messaged.  

Two test signals were first sent to evaluate the understanding of the signal process, and 
feedback gathered from those who received the text messages and other residents. All residents 
said they understood the meanings of the medium and severe constraint signals, and all other 
residents questioned said they knew about the texts being sent.  

5.2 VDP tests 

Three different VDP trials were run on different days of the week. Although signals were 
sent to 30 households, because of the nature of the island population, there could have been a 
larger effect as word of the signal during the experiment spread by word of mouth. Figure 9 
gives data for load recorded at the powerhouse every 15 minutes as well as the data for other 
weeks on the same weekday. 

Figure 9(a) shows the load curve for the first test. A MCL signal was sent at 12:00 pm on 
Friday 5 October on a day with a particularly high demand at noon of nearly 90 kW. The signal 
was sent after the demand exceeded 85 kW on the 80 kW generator, and the larger generator 
was not available as it was undergoing repairs. Thus, it was hoped by the powerhouse operators 
that the signal would reduce the demand, otherwise the whole power supply would have to be 
cut off. The demand changes trend from increasing to decreasing after the signal which is in 
contrast compared to load shapes for other Fridays prior to the test. The signal to return to 
normal activities was sent at 5:00 pm. During the first hour of the MCL trial, the island load 
dropped below 70 kW, and continued dropping to about 45 kW. The load started climbing after 
the signal to return to normal was given after 5:00pm 

Figure 9(b) shows the second test on Monday 8 October. The morning load was as high as 
any previous 8 weeks. The first signal for MCL response was sent at 10:00 am, and a second 
signal was sent to the same households at 1:00 pm calling for a severe constraint condition 
(SCL). The usual afternoon peak did not occur, and the load did reduce further after the SCL 
signal was sent. Compared to the average October afternoon peak of 83 kW, the afternoon load 
of 57 kW was a reduction of 31% which was between the estimated MCL and SCL load levels.  
After the signal to return to normal was sent, the demand continued to decline during the usual 
5:00 dip, then followed a normal pattern for the rest of the evening. 

Figure 9(c) shows the load data for the third test on Friday 12 October compared to other 
Fridays after the test. On this day the MCL signal was sent during the evening peak time at 
6:00 pm. It can be seen that once the message was sent to the participants, the load started to 
decline, and stayed about 20% lower than the normal evening peak until the signal was given 
to return to normal activities at 9pm. The equatorial geographical location of the Maldives 
means that dusk is falling around 6:00 pm throughout the year. Thus, the ability of residents to 
reduce electricity use significantly during the evening peak time for using lights and fans, 
watching TV and using electronic devices indicates the potential for using VDP for managing 
security of supply. Importantly, in all cases, the load climbed immediately after the signal was 
given to return to normal.   
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Figure 9. Voluntary demand participation validation tests compared to data from the same week days 
(a) Friday: MCL signal for 5 hours, (b) Monday: MCL signal for 3 hours then SCL signal for 3 hours, 
(c) Friday: MCL signal at peak load time for 2 hours.  

 

5.3 Fuel consumption reduction 

The VDP resulted in fuel use reduction for the day. The amount of fuel being consumed 
for the VDP days were calculated and are presented in the Tables 2-4. The amount of fuel 
consumed during the VDP trials was lower in the same day of the week compared to the 
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average fuel consumption and compared to other normal days. Compared to the average Friday 
fuel consumption, the 5 hours of MCL during the mid day peak showed fuel reduction of 8%. 
Compared to average Monday fuel consumption, the two stage 3 hours of MCL followed by 3 
hours of SCL showed VDP fuel reduction of 12%. Compared to average Friday fuel 
consumption, the 2 hours of MCL signal during evening peak resulted in 10% daily fuel use 
reduction. This is a significant savings considering the VDP signal was only given for a few 
hours of the day. This test data and further explorations could be used to improve the design of 
the signal and determine the largest savings, shortest time period, and most easily adapted 
constraint signals. 

 
Table 2: Comparison of total energy consumption on Friday 5-October with 5 hours of VDP signal at 
moderate constraint level (MCL) with other Fridays with no VDP signal. 

  Fri 5-Oct 12-Oct 28-Sep 21-Sep 31-Aug 24-Aug 10-Aug 3-Aug 
Fuel Consumed (L) 1094 1017 1161 1118 1250 1195 1310 1300 
Average Load (kW) 68 61 67 60 72 67 74 73 
Units Generated (kWh) 1633 1456 1613 1449 1725 1606 1783 1751 
Maximum Demand (kW) 88 78 84 75 88 83 91 87 

         
Table 3: Comparison of total energy consumption on Monday 8-October with 3 hours of VDP signal 
at severely constraint level (SCL) with other Mondays with no VDP signal. 
  Mon 8-Oct 15-Oct 1-Oct 24-Sep 17-Sep 27-Aug 20-Aug 13-Aug 
Fuel Consumed (L) 1038 1140 1140 1118 1151 1225 1250 1255 
Average Load (kW) 64 67 67 62 68 68 73 70 
Units Generated (kWh) 1546 1620 1601 1485 1627 1640 1706 1685 
Maximum Demand (kW) 76 84 84 78 85 86 96 88 

 
Table 4: Comparison of total energy consumption on Friday 12-October with 2 hours of VDP signal 
at moderate constraint level (MCL) during the evening peak with other Fridays with no VDP signal. 

  Fri 12-Oct 5-Oct 28-Sep 21-Sep 29-Jun 22-Jun 15-Jun 

Fuel Consumed (L) 1017 1094 1161 1118 1155 1075 1135 

Average Load (kW) 61 68 67 60 63 61 64 

Units Generated (kWh) 1456 1633 1613 1449 1516 1465 1542 

Maximum Demand (kW) 78 88 84 75 79 78 82 

 

 

6. Discussion 

Voluntary demand participation has the potential for achieving supply security for essential 
electric end uses in remote areas. VDP can be utilized to maintain a constant supply of power 
during situations when there are constraints in the availability of fuel.  

The modeling of HRES-DG concepts for the remote island microgrid using HOMER under 
normal load conditions provided results similar to those found in literature, where inclusion of 
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wind, solar and batteries to meet the normal demand produces microgrid designs with large 
excess generation and unreasonable capacity. However, when we used VDP in the design of 
the HRES system, we got a system design that is lower cost than the current system and that 
has reasonable number of wind turbines, solar panel area and battery capacity. The optimal 
design had 70% renewable generation, no loads below MCL demand and less than 10% excess 
generation.  

The signal strategy investigated was to save the most fuel in the shortest period of time by 
reducing peak demand and avoiding roll-over to lower efficiency operation of larger 
generators. The calculation and signal strategy were intentionally designed to be a simple 
method that could be taught to the powerhouse operators throughout the 200 inhabited islands. 
Such a VDP-integrated power system control strategy could also be used to incorporate 
maximum utilization of any solar or wind power which is installed in the future. Further studies 
are needed to develop the feedback to the island population after each signal to inform them of 
the degree of success (or lack thereof), and to give indications of the degree to which the VDP 
behavior has reduced the risks of black-outs. Further research is also needed to assess the 
optimal pattern for VDP signaling to achieve the objectives without causing signal fatigue.  

The objective of the work was to manage the amount of energy being consumed to match 
the fuel that is available. End users need to understand what the constraints in the system are 
and importantly, they must make their own plan for which appliances to curtail in the household 
in-order to achieve the shared objective of avoiding black-outs. The signal used in this case 
study was a short text message asking for the voluntary reduction in appliance use as nominated 
by the household. The motivation for the VDP was to avoid running out of fuel for the 
generators, which is a fairly common occurrence in this community for more than a decade. 
The results from a VDP signal test in Fenfushi, Maldives demonstrated that customers respond 
to signals given by the power house operator. Fuel saving of 10% was demonstrated when a 2-
hour VDP signal was sent to 25% of the total island village population. 

This work has important implications for the design, operation and augmentation of 
existing remote power grids to integrate renewable energy. But we believe it has even more 
significant implications for energy transition engineering in the rest of the world. The 
fundamental question of how to reduce carbon dioxide emissions from burning fossil fuels is 
most often discussed in terms of increasing renewable energy generation and improving end 
use efficiency. Demand side management has been an interesting subject, which usually 
involves price signals for load shifting or improving efficiency. But voluntary demand 
participation offers another mechanism for customers to adapt to the constrained power supply 
resulting from closures of coal fired power plants or gas supply reduction. The VDP capacity 
in different countries on different parts of the grid at different times is largely unexplored at 
the time of writing. In our future work we plan to further explore VDP capacity in commercial 
buildings and retail facilities served by a national grid where fossil fuel reductions are planned 
to meet international agreements.  
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