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Abstract: Numerous methods exist and were developed for global radiation 
forecasting. The two most popular types are the numerical weather predictions 
(NWPs) and the predictions using stochastic approaches. We propose to 
compute a parameter noted χ constructed in part from the mutual information 
which is a quantity that measures the mutual dependence of two variables. Both 
of these are calculated with the objective to establish the more relevant method 
between NWP and stochastic models concerning the current problem. 

Keywords: components; mutual information; stochastic; numerical weather 
prediction; NWP; prediction. 
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1 Introduction 

Because of their random and intermittent trend, the integration rate of renewable energies 
is limited in the electrical grid. As a matter of fact, a limitation allows protecting the grid 
and to warrant a good supply quality and to guaranty perfect production/consumption 
balance (Mellit et al., 2009; Paoli et al., 2010; Voyant, 2011, 2012). For increasing this 
insertion rate numerous solutions are studied and applied. Among these solutions, the 
main one consists in coupling the renewable energies with storage means (as hydrogen, 
battery, etc.). However, this coupling is not sufficient if the storage management is not 
well mastered. To do it, it is essential to anticipate the renewable energies production. 
Considering the grid manager’s point of view (Köpken et al., 2004), needs in terms of 
prediction can be distinguished according to the considered horizon: following days, next 
day by hourly step, next hour and next few minutes. With efficient prediction tools 
dedicated to grid managers, the PV part in the mix energy would be increased; actually in 
France, the intermittent energy contribution is limited to 30%.Several methods exist and 
have been developed for 20 years: numerical weather predictions (NWP) and predictions 
based on stochastic approaches (Voyant et al., 2012; Sfetsos and Coonick, 2000). If these 
two methods use mathematical approaches, the first one models the atmosphere and 
oceans and allows predicting the weather from satellite images and primitive equations 
(non-linear partial differential equations impossible to solve exactly through analytical 
methods) (Paulescu et al., 2013). The second ones consists in statistical models allowing 
generating alternative versions of the time series, representing what might happen over 
non-specific time-periods in the future (Voyant et al., 2011). The choice between these 
two methodologies is not really scientifically established and the purpose of this paper is 
to propose an objective rule allowing guiding researchers or manager in their choices 
related to location and spatial and temporal resolution. 

This paper is organised as follows. The next section is dedicated to a brief description 
of the two types of global radiation prediction models, the NWP and the stochastic 
approaches. The Section 3 introduces the methodology and the parameters proposed. 
Section 4 describes results and finally Section 5 presents our conclusions and gives some 
perspectives to this work. 

2 Prediction models 

The next part describes the two available types of models for the global radiation 
forecasting: the NWP and stochastic approaches. 

2.1 NWP models 

A numerical weather model is a computer program that simulates the atmospheric motion 
in space and time. A variety of weather phenomena can be analysed and predicted by 
these types of NWP models. In this type of model, the atmosphere is represented by a 3D 
grid. The finer is the grid spacing the more elaborate is the simulation. The simulation by 
this model generates the future state of the atmosphere in each network points from its 
initial state (Radnoti et al., 1995; Voyant et al., 2011; Bouttier, 2010; Yessad, 2010). 
Among all the NWP models, it may be mentioned weather research and forecasting 
model (WRF), AROME which concerns the mesoscale, or the model of the European 
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centre for medium-range weather forecasts (ECMWF). The prediction errors of this 
model depend on the considered locations and fluctuate between 20 and 40%  
(nRMSE = normalised root mean square error). 

2.2 Stochastic models 

The global radiation forecasting is the name given to the process used to predict the 
available amount of solar energy. Numerous predictive methods have been developed by 
experts around the world. Often the times series (TS) mathematical formalism is used 
(Sfetsos and Coonick, 2000; Mellit et al., 2009; Paoli et al., 2010; Voyant et al., 2011; 
2012). It is described by sets of numbers that measures the status of some activity over 
time. It is a collection of time ordered observations xt, each one being recorded at a 
specific time t (period). A TS model ˆ( )tx  assumes that past patterns will occur in the 
future. TS prediction or TS forecasting takes an existing series of data xt–k, .. , xt–2, xt–1 and 
forecasts the xt data values. The goal is to observe or to model the existing data series to 
enable future unknown data values to be forecasted accurately. Thus a prediction ˆtx   
can be expressed as a function of the recent history of the time series, 

1 2ˆ ( , , , ).t t t t kx f x x x− − −= …  It is demonstrated that models (artificial neural networks 
called ANN, Auto Regressive and Moving Average called ARMA, k Nearest Neighbour 
called k-NN, Markov Chains, etc.) with endogenous inputs made stationary and 
exogenous inputs (meteorological data) can forecast the global solar radiation time series 
with acceptable errors (Mellit et al., 2009; Paoli et al., 2010). Note that all the stochastic 
models are not equivalent, depending on the problem to solve (time horizon, spatial 
characteristics, locations, etc.) the best predictor to use can change. The absolute 
prioritisation of these models is not possible. 

2.3 Methodology 

Our objective is to determine the rule optimising the choice between NWP and stochastic 
models considering a given spatial and temporal resolution and a location. To reach this 
objective we propose to compute a parameter noted χ. It is constructed from the ratio 
between two sub-parameters, the first is related to the distances for which the global 
radiation series are independent (δ) and the second one from a time lag for which there is 
no mutual dependence (τ). 

δχ
τ

=  (1) 

We will see in the following how to compute these two sub-parameters, but at first let us 
consider χ. We can highlight that the dimension of this parameter χ, is unconventional: 
pixel.time_lag-1. The interpretation of this parameter should indicate if, for a given spatial 
and temporal resolution and for a given location, the TS formalism and the NWP are 
relevant. The most important parameter for stochastic models seems to be τ; more it is 
important and more the information contained in the past series (intrinsic behaviour) will 
be used to model the future. Concerning the global model NWP, it is mainly the spatial 
link between the points of the mesh which will guarantee the merits of the approach. In 
fact, the time dependence and the spatial dependence are linked, but the temporal aspect 
is certainly to a lesser extent. The kinetic of the cloud cover (related to the primitive 
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equation and non-linear partial differential equations) must be observed pixel by pixel in 
order to develop relevant model. Indeed, if the distance between mesh grid points is too 
high, local phenomena (cumulus cloud has a scale of less than 1 km) are not taken into 
account. But as all the pixels will be with the same average cloud cover, NWP will be 
very relevant in this case. For the high resolutions, the clouds local displacements appear: 
high heterogeneities between pixels are generated. Moreover, according to the dynamic 
and chaotic appearance of the fluid dynamics equations involved in weather forecasting, 
their modelling is very difficult and even impossible. Referring to the equation (1), this 
spatial link will be illustrated by δ. Thus if χ<<1 stochastic models will be preferable and 
if χ>>1 NWP models will be more appropriate. We must note that considering the 
location, the time lag and the spatial resolution, χ can fluctuate significantly. 

The question remains of how to find the values of δ and τ. We propose to use the 
mutual information tool [MI(X,Y) in (2)] which is a quantity measuring the mutual 
dependence of two variables X and Y. In fact, this formalism replaces and generalises the 
cross or auto-correlation and classical variogram concepts which allow to measures only 
the linear relationship between two variables X and Y (Pearson correlation and variogram) 
or two elements of time series X and Li X (L and ithe lag operator and associated order ; 
partial or normal autocorrelation factor). Mutual information is more general and 
measures the reduction of uncertainty in Y after observing X. So MI (Kuijper, 2004) can 
measure non-monotonic and other more complicated relationships. It can be expressed as 
a combination of marginal and conditional entropies [respectively H(X) and H(X|Y)] 
(Lauret et al., 2013]. 

( , ) ( ) ( | )MI X Y H X H X Y= −  (2) 

For the value of δ we suggest computing and analysing the mutual information between 
the global radiation and the distance between considered points and for the value of τ. We 
will focus on the mutual information between the global radiation and the time lag for the 
considered location. Entropy corresponds to a measure of unpredictability or information 
content and can be written by the following expression (entropy of a discrete random 
variable X with possible values {x1,..xn}): 

( ) ( ) log( ( ))
x

H X p x p x= −∑  (3) 

One may also define the conditional entropy of two events X and Y [equation (4)]. This 
quantity should be understood as the amount of randomness of the random variable X 
given that you know the value of Y. 

( | ) ( , ) log( ( ) / ( , ))
x y

H X Y p x y p x p x y=∑∑  (4) 

The definition of the joint probability distribution function (p(x,y)) and marginal 
probabilities [p(x) and p(y)], allows to define a new form of the mutual information as 
described in the equation (5). 

( , ) ( , ) log(( ( , ) / ( ( ) ( )))
y x

MI X Y p x y p x y p x p y=∑ ∑  (5) 
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As the unit of the mutual information is often the bit (if the binary logarithm is used), 
thus it is possible to normalise this quantity by his maximal value to obtain a percentage. 
The new parameter is called the normalised mutual information [nMI, equation (6)]. 

( , ) ( , ) / ( , ) ( , ) / ( )nMI X Y MI X Y MI X X  MI X Y H X= =  (6) 

3 Results 

The mathematical formalism is being enounced; the result concerning the spatial and 
temporal dependence of the global radiation in Corsica Island is exposed in this part. To 
illustrate the previous methodologies we decided to use in this study the HelioClim-3 
database (HC-3). HelioClim is a family of databases containing solar irradiance and 
irradiation values at ground level. We have irradiance images (at an hourly step ; Wh/m²) 
over 8 years (2005-2012) for overall Corsica (1150 points of measurement, around 
42°1’N and 9°E, with a pixel area lower than 6.5km², that is to say a grid spacing 
distance of 2.5 km) like seen in Figure 1 and Figure 2. 

Figure 1 Points of measurements meshgrid, circle locating Ajaccio (41°55’N and 8°44’E, 
elev. 0–787 m), square locating Corte (42°18’N and 9°09’E, elev. 300–2626 m) and 
triangle Bastia (42°42’N ; 9°27’E ; elev. 0 m) (see online version for colours) 

18
4 

km
 

 

The global radiation time series used are not related to measurements but to a computing. 
A cross comparison between HC-3 and ground measurements in Ajaccio, Corte and 
Bastia is essential to validate the available data. Estimations have been evaluated in the 
case of Corsica, in terms of normalised Mean Bias Error (nMBE, [%]) and nRMSE, [%]). 
They have been compared to hourly pyranometrical measurements provided by three 
meteorological stations in Corsica that cover 3 years (2004 to 2006). The biases (nMBE) 
is negative for all the stations showing that the radiations are underestimated (between  
–2% and –8%).Finally yearly nRMSE are between 19.8% and 23.5%. Despite these 
uncertainties, satellite estimations constitute a good alternative to ground measurements, 
since the meteorological public network is composed of only six pyranometers scattered 
on the territory. 
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Figure 2 Irradiance map computed during spring 2012 in Corsica (HC-3) (see online version for 
colours) 

 

Note: The unit of the colour map is Wh/m2 

3.1 Spatial dependence 

In Figure 3 is represented the nMI versus the distance between two points. All the points 
of the meshing for the 8 years are used. Note that here the computing is realised for 
overall data, but the same type of approach can be performed season by season and area 
by area to improve the model and to regroup (clustering) the area with the same 
characteristics. 
Figure 3 Normalised mutual information of the global radiation versus the distance between 

considered points 

 

We see that for a distance lower than 5 km, the nMI value is high, but it decreases after  
5 km and it remains stable (~0.85%). The space parameter (δ) is determined by the 
intersection between the limit of nMi and the tangent of the fitted curve at 0 (see  
Figure 2). The chosen fitted curve is an exponential decay. In fact, the limit is close to the 
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pixel size: δ ~ 2.5km. But for other countries (and so climates), for other time steps and 
for other mesh grid resolutions, nothing suggests that this 1 pixel limit will be 
maintained. Beyond this threshold, we can consider that the global radiations received on 
the other pixels are independent. 

3.1 Temporal dependence 

In Figure 4, we see for two points located in Ajaccio and in Corte, the MI versus the time 
lag (auto-mutual information). The first location is a seaside site and the second one is a 
mountainous site. 

Figure 4 Mutual information of the hourly global irradiation versus the time lag for a 2 given 
points of the grid: (a) Ajaccio and (b) Corte (see online version for colours) 

 
(a) 

 
(b) 
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In this example, we see that the first minimum is obtained for the 9th and the10th time 
lag, corresponding to nine and ten hours (as a complementary, for Corte the first 
minimum is seven hours). Consequently using a stochastic model, for these localisations 
is inconsistent to predict the global irradiation at a moment t from data collected nine and 
ten hours before (in case of 1 hour time step and measured time series, (see Voyant et al., 
2012). If we compute the auto-mutual information for all the points of the meshing  
(1,150 pixels), we see that the median value is 7 (min = 5, max = 10, mean value = 7.63 
and standard deviation = 1.08). For the overall territory, τ is around 7 time steps, i.e.,  
seven hours. 

3.2 Interpretation 

In this study (overall territory) and with the methodology used, τ is 7 time lags and δ is 1 
pixel and consequently χ = 1/7 << 1. In the Ajaccio and Corte cases, the χ parameter is 
also less than 1 (respectively 0.1 and 0.11 pixel.time_lag-1). As said in the beginning of 
this paper (Section 3), we can estimate that, in considering a hourly time-step and for a 
spatial resolution of 2.5 km, the use of a stochastic model is relevant. In the literature, this 
aspect is confirmed if the stochastic model gives a nRMSE close to 15% (Sfetsos and 
Coonick, 2000; Voyant et al., 2011, 2012; Paoli et al., 2012), NWP give less pertinent 
results [nRMSE> 20% (Paulescu et al., 2013)]. If the spatial resolution increases, δ will 
also increase and χ will be able to be close to one or more. If now we consider a 
prediction of the global radiation 24 hours ahead by hourly step for example, there are 
always two methodologies: the NWP or the stochastic approaches. The two methods are 
able to propose results more or less relevant, but to make a choice between the two 
forecaster types without test them (it is long and laborious), it is also possible to use the 
ad-hoc index defined in this paper (χ). We know that τ corresponds to 7 time lags so the 
stochastic model will not be certainly relevant for the 24 hours horizons, however it no 
sure that the NWP model will be more efficient. In this case δ is yet 1 pixel. Note that in 
the 24 hours ahead case, the prediction during the night of the global radiation does not 
make sense, the night values can be deleted and the 24 hours prediction can be replaced 
be a 12 hours predictions and the global series by a new series where only the hours 
between 8AM (included) and 7PM are considered. Note that this approximation induces 
that during summer days, the hours of sunrise and sunset are not considered. According 
to the Figure 4, the maximum lag to considered is yet equal to 7 hours as for the 1 hour 
horizon (9 and 10 hours for Ajaccio and Corte points), the data are the same thus, as the 
horizon of prediction is equivalent to 12 hours, the τ time lag is equivalent to 0.6 time 
lags (~7/12). In this configuration, the index becomes higher than 1 (χ = 1/0.6 = 1.67 
pixel.time_lag-1for the overall territory, 1.2 pixel.time_lag-1 for Ajaccio and 1.3 
pixel.time_lag-1 for Corte). The proposed interpretation induced that the stochastic models 
become not relevant, and the use of NWP is recommended. This χ interpretation is 
verified in Voyant et al. (2013) and in Paulescu et al. (2013). In the first reference the 
stochastic models (MLP and ARMA) give an nRMSE close to 30% in the h+24 case and 
the second a nRMSE between 10 and 40% (average 25%) for the NWP model and this 
horizon. This methodology is relevant for other horizon, other mesh grids and other 
locations. 
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4 Conclusions 

In this paper, we proposed a methodology to justify the use of a NWP or a stochastic 
model according to three considered parameters: spatial resolution, temporal step and 
location. The mutual information and the three proposed parameters are the mathematical 
tools used as choice criterion between forecasting methodologies. For our case study 
(Corsica Island), we see that for a temporal resolution of 1 hour and a spatial resolution 
of 2.5km, a stochastic model is the best choice, but in the 24 hours head forecasting 
(prediction by hourly step for the next day) the NWP forecasting based are the most 
relevant. In view to generalise this described methodology, we must validate it in other 
locations and for various spatial and temporal resolutions. Moreover a regional scheme 
will be performed, in order to separate the different microclimates and to develop model 
able to consider the very high resolutions of the non-hydrostatic models (as Meso-NH for 
example and the sub-kilometric meshgrid). In this case, a new formalism should be 
developed to take into account the fact that the spatial MI is non-continuous at the origin 
(nugget effect) and because the operated normalisation (nMI) generates an offset of the 
curve. Another important improvement should be operated to clarify the threshold of χ, 
the limit fixed to 1 is not clearly proven: what happens for a value of χ between 0.9 and 
1.1? Is it really possible to conclude? It will be the objectives of a future paper. 
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Abstract: This paper proposes an amplitude-based control of a solar 
photovoltaic (SPV) power generating system interfaced to a three-phase,  
four-wire distribution system, with the features of reactive power compensation 
for power factor correction (PFC) and zero voltage regulation (ZVR)  
with neutral current mitigation of other loads connected at the point of  
common coupling (PCC). This control algorithm is used to extract the 
fundamental currents from the load currents for estimating reference grid 
currents. Simulation results are presented to demonstrate the neutral current 
compensation, PFC and ZVR of the system. 
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1 Introduction 

Solar photovoltaic (SPV) power generating systems are used for generation of electricity 
with free and abundantly available solar energy. SPV power generating systems offer 
major advantages over other generating systems. They are environmentally friendly, 
provide low cost electricity, have long lifespans, and offer smooth operation. Due to 
advancement in power electronics converter technology, SPV generation is very rapidly 
gaining ground worldwide (Labouret and Villoz, 2009). 

India is the fourth largest energy consumer in the world (World Energy  
Consumption Clock, 2014). Prior to 2013, solar power generation provided only an 
insignificant fraction of India’s energy generation. More than two-thirds of the  
nation’s electricity generation comes from fossil fuel (India’s Widening Energy Deficit, 
http://blogs.wsj.com/indiarealtime/2011/03/09/indias-widening-energy-deficit/), and it 
imports 80% of the crude oil used for generation. India is also the fastest growing energy 
market in the world and will be the largest contributor to increases in the world’s energy 
demand (http://www.bloomberg.com/news/2011-04-21/indian-power-plants-boost-coal-
imports-18-market-watch-says.html), and if the nation’s electrical generation strategy 
remains unchanged, could also be a large contributor to increased greenhouse gas 
emissions. Thus, India needs to place more focus on SPV energy generation. Its 
geography is highly favourable for it. And India has plenty of scope for solar power 
generation to replace conventional power generation resources if unproductive land areas 
are used for solar electricity generation (Price Quotes, http://pv.energytrend.com/). 

SPV energy is intermittent in nature and it is not available almost for about 16 hours 
each day. During periods when SPV systems are not utilised, they are normally switched 
off in order to reduce losses. Therefore, in order to use grid interfaced SPV systems 
optimally, they ought to be utilised to provide power quality improvement and to satisfy 
peak load demand in a three-phase four-wire distribution system. In order to utilise the 
power converters of SPV systems throughout each day, they may be employed as  
active shunt compensators to provide power factor correction (PFC), load balancing,  
and harmonics mitigation with reactive power compensation (Chen et al., 2008;  
Verma et al., 2012b; Bollen and Hassan, 2011). 
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Moreover, many control algorithms are reported in the literature for control of  
grid-interfaced SPV power generating systems, such as power balance theory (PBT), in 
which reference grid currents are estimated from active and reactive powers, and 
synchronous reference frame theory (SRFT), in which reference signals are transformed 
from a, b, c to stationary frame d, q, 0 to rotating frame to extract the reference grid 
currents. The ‘ICOSφ’ algorithm uses a zero crossing detector to estimate sin/cos 
components. These sin/cos components are further used to estimate active/reactive 
powers components which are utilised to estimate reference grid currents. Further, in the 
instantaneous reactive power theory (IRPT) algorithm three phase quantities are 
transformed to two phase quantities in α-β frame and instantaneous active and  
reactive powers are estimated which are further used to estimate reference grid currents 
(Verma et al., 2012a; Singh et al., 2012, 2013; Freijedo et al., 2007). 

In this paper, a two-stage SPV generating system is proposed for grid-interfaced 
three-phase four-wire distribution systems. In this system, an amplitude control algorithm 
is used to extract the amplitude of the fundamental component of distorted load currents, 
from which active and reactive power components are estimated using the sin/cos 
component. These are extracted from the fundamental component of load currents 
(Ghartemani and Ziarani, 2004; Ziarani and Konrad, 2004; Karini-Gathermani et al., 
2004). In comparison with other control algorithms (Verma et al., 2012a; Singh et al., 
2012), amplitude control has advantages. It can extract harmonics and the reactive power 
component of load currents instantaneously, can adapt to frequency variations, and is 
immune to noise. Other control algorithms (Bhatnagar and Nema, 2013) have sluggish 
response times when sensing delay, which affects performance, while higher order 
harmonics compensation also suffers from slow response time during dynamic load 
conditions. 

In the first stage of proposed system, maximum power output of a SPV array is 
tracked using an incremental resistance maximum power point tracking (INR MPPT) 
algorithm (Yang et al., 2012). The SPV power is fed to a common DC link of the boost 
converter and voltage source converter (VSC), and the DC link voltage of VSC is 
regulated using a proportional integral (PI) controller. The SPV generating system is 
designed, modelled and its performance is simulated using MATLAB software with its 
Simulink and SimPowerSystems (SPS) toolboxes. 

2 System configuration 

Figure 1 shows the proposed SPV power generating system interfaced to a three-phase 
four-wire distribution system. The proposed power generating system has a SPV array 
with DC-DC boost converter to track MPPT and to feed peak power to DC link of VSC. 
A four-leg VSC is used which has eight insulated gate bipolar junction transistors 
(IGBTs), and a load connected at the point of common coupling (PCC). An INR based 
control algorithm is used to track peak power of SPV array. Detailed data regarding the 
SPV generating system and VSC considered in this work are given in the Appendix. 
Detailed design of the various components of this configuration is given in the following 
sections. 
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3 Design of proposed system 

The selection of IGBTs, interfacing inductors, DC capacitor and the ripple filter is made 
as per the design for a SPV power generation and shunt dynamic compensator. The 
design of the each stage is given as following. 

3.1 Design of SPV Array 

Proposed SPV power generating system has SPV array with many photovoltaic cells in 
series and parallel to feed a 30 kW peak power at PCC. Eeach photovoltaic cell has an 
open circuit voltage of order of 0.62 V and short circuit current (Isc) of 4 A (Salmi et al., 
2012; Mohan et al., 2009). The generalised equation for an active power for SPV array is 
given as, 

( ) ( )maxM s mpp p mppMP   n *V * n *I=  (1) 

Maximum power, Pmax = (85% of Voc * 85 % of Isc) is generally achieved under this 
condition thus ImppM is 3.4 A and Vmpp is 0.527 V of each cell. Where ns and np represents 
the series and parallel connected strings of PV cells respectively. 

The total calculated maximum power is given as, 

max M mppM mppMP  V  * I  30 kW= =  (2) 

Considering VOC = 700 V, PmaxM = np * .85 * VOC * 0.85 * ISC = 30,000 W  
= np * .85 * 700 V * 0.85 * 4 A. It results in np = 14.886 = rounding off to 15 cell thus 
ImppM = (ns * 3.4) = 51 A and VmppM = 0.85 * Voc = 0.85 * 700 V = 595 V. It results in  
ns = 595 V/(0.62 V * 0.85) = 1,129 cells. 

To achieve 30 kW peak power, 1,129 cells are connected in series and 15 are 
connected in parallel which leads to (VmppM) of 595 V and maximum current (ImppM) of  
51 A which constitutes a PV array of 1,129 * 15 cells, respectively. 

3.2 Design of DC-DC boost converter 

The DC-DC boost converter is used to track MPPT and feeds the active power to DC bus 
of VSC. Corresponding to the maximum ripple condition, D = 0.5 (Singh et al., 2006). 
Here Δi1 is input current ripple, and it is considered as 6% of DC-DC boost converter 
inductor current i1 (= P/Vin) = 50.42 A, where Vdc = Vin is the DC input voltage to the 
boost converter. Thus a calculated value of Δi1 is 3.025 A. 

The ripple current for the boost converter is given as (Singh et al., 2006), 

dc
1

b sw

dc
b

1 sw

V D(1 D)i  
(2L f )
V D(1 D) 700*0.5(1 0.5)or L 2.892 mH 3 mH

(2 i f ) (2*3.025*10,000)

−
Δ =

− −
= = = ≈

Δ

 (3) 

Thus, calculated value of inductance (Lb) from (3) is obtained as 2.91 mH and is selected 
as 3 mH. 
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3.3 Selection of DC bus voltage 

For proper operation of VSC, the DC bus voltage is given in (4) where the value of m is 
1, and VLL is the line voltage of VSC and taken as 415 V (Mei et al., 2011), 

( ) ( ) ( ) ( )dc LLV 2 2V 3m 2 2 *415 3 *1 677.60 V 700 V= = = ≈  (4) 

Thus, from (4) the calculated value of Vdc is 677.60 V and it is selected as 700 V. 

3.4 Design of DC link capacitor 

The value of DC link capacitor for compensation of unbalanced load at PCC is given as 
(Singh et al., 2006), 

( ) ( )
d

b
dcrip

I 42.857C 2, 436.87 μF 3,000 μF
2*ω* v 2*314*0.04*700

= = = ≈  (5) 

where Id is the DC link current of VSC (Pdc/Vdc = 42.85 A), ω is angular frequency and 
vdripple is % ripple voltage considered as 4% of Vdc. Hence estimated value of Cb is 
2,436.87 µF and it is selected as 3,000 µF. 

3.5 Design of AC inductor 

The value of AC inductor (Lf) is estimated on the basis that current ripple ∆i, switching 
frequency fs, DC bus voltage (Vdc), and is given as (Mei et al., 2011), 

dc
f

s

3 mV 3 *1*(700 V)L 4.035 mH 4 mH
12hf i 12*1.2*10,000*(0.05*41.73 A)

= = = ≈
Δ

 (6) 

Here m is modulation index, h is the overload factor, considering, ∆i, = 5% of input 
current, fs = 10 kHz. The value of Lf from (6) is calculated order of 4.035 mH. A value of 
Lf of 4 mH is selected in this work. 

4 Control algorithm 

The control algorithm of the proposed SPV power generating system consists of two 
stages. First MPPT control is used to track peak power of SPV array using a DC-DC 
boost converter. Then, in the second stage, the algorithm is used to control a grid 
interfaced four-leg VSC, which also operates as a shunt compensator. The detailed 
control algorithm is explained as follows. 

4.1 Maximum power point tracking 

The MPPT control technique like P&O and IC (Yang et al., 2012) has several drawbacks 
such as oscillations around MPP and slow speed. These drawbacks are overcome by 
using variable step size INR method (IEEE Recommended Practices and Requirements 
for Harmonic Control in Electrical Power Systems, 1993). Variable step is usually large 
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when away from MPP and reduces to small as the system approaches MPP which reduces 
oscillations around MPP. The MPPT depicts as follows, 

δ(n) δ(n 1) K(dp / dpv)= − ±  (7) 

where δ(n) is the duty ratio at nth sampling instant and δ(n – 1) is a duty ratio at (n – 1)th 
sampling instant and k is a factor to control step size. 

Variable step INR method is based on the fact that slope of (dVpv/dIpv) must be zero 
at MPP as given by the following equation. 

pv pv pv pv
pv pv

pv pv pv

dV dI V dV
V I

dI dI dI
= = +

 (8) 

Thus, as in the INR method of tracking, the instantaneous resistance Vpv/Ipv is compared 
with incremental resistance dVpv/dIpv and accordingly MPP is tracked. 

4.2 Control of 4-leg VSC 

Figure 1(a) shows the block diagram of a amplitude based control algorithm of SPV 
power generating system. PCC voltages (va, vb, vc), load currents (iLa, iLb, iLc) are  
sensed as feedback signals. The in-phase unit templates of three-phase PCC voltages  
(uap ubp, ucp) are estimated after dividing respective phase voltage with amplitude of  
three-phase PCC voltages (Vt). 

The amplitude of PCC voltages and in-phase unit templates are computed as, 

( ){ }2 2 2
t a cbV (2 / 3) v v v= + +  (9) 

The unit templates in phase with phase voltages are derived as,  

a b c
ap bp cp

t t t

v v vu ,   u ,   u .
V V V

= = =  (10) 

The unit templates in quadrature with va, vb and vc may be derived using a quadrature 
transformation of the in-phase unit vectors uaq, ubq and ucq as, 

bp cp cp ap ap bp
aq bq cq

u u u u u u
u ,   u ,   u

3 3 3 3 3 3
−

= − + = + = − +  (11) 

4.3 Amplitude estimation using an amplitude method 

Amplitude of the fundamental component of load currents is estimated by using an 
amplitude controller for each phase. Amplitude uses phase ‘a’ load current (iLa) and 
estimates its amplitude (Ghartemani and Ziarani, 2004). The square of normalised output 
signal (Nz) and square of the input signals (iLk) are used to estimate the amplitude error 
signal (Er) given as, 

( )2 2
r LkE (i 1)sin wt

where k  a, b,c
= − + φ

=
 (12) 
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Figure 1(a) Proposed SPV power generating system (see online version for colours) 
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This error Er is passed through a PI (Proportional Integral) controller. Output of the PI 
controller (eff) is normalised with correction factor U = (1 + eff) as shown in Figure 1(a). 
The inverse square root of (U) provides the amplitude of phase ‘a’ load current ILa. The 
normalised signal is obtained by product of input signal iLa and square root of U through 
frequency average section in amplitude loop. Similarly the amplitude for other two 
phases iLb, iLc are estimated. 
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4.3.1 Estimation of sin and cos component of grid voltage 

The estimation of (sin Φa) and (cos Φa) components using grid voltage (vsa) is carried out 
by using sinusoidal tracking algorithm (Ziarani and Konrad, 2004; Karini-Gathermani  
et al., 2004) as shown in Figure 1(b). The total distortion in the grid voltage is the error 
(itd) between (vsa) and (vsao). The accuracy and performance of the algorithm depends on 
tuning parameters a1, a2 a3 and ω which are positive real value. The values of a1, a2 and a3 
are considered as 50, 20 and 5. In a similar manner, the sin/cos component for phase b 
(sin Φb, cos Φb) and phase c (sin Φc, cos Φc) are also estimated. 

Figure 1(b) Estimation of sin/cos component from source voltage 
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4.3.2 Estimation of amplitude and average active and reactive components of 
load currents 

The amplitude of the active and reactive power components of phase ‘a’ is estimated by 
using amplitude of fundamental load current (ILfa) and sin/cos component (sin Φa) and 
(cos Φa) extracted from vsa. The amplitude of phase ‘a’ active current is given as, 

( )lpa Lfa a aq a ap apI I Cos *u Sin *u u= Φ + Φ  (13) 

The amplitude of phase ‘a’ reactive current is given as 

( )lqa Lfa a aq a ap apI I Sin *u Cos *u u= Φ − Φ  (14) 

Similarly, amplitude of phase ‘b’ and phase ‘c’ load fundamental active and reactive 
power components of load currents (ILpb, ILpc) and (ILqb, ILqc) are also estimated. Average 
amplitudes of the fundamental active power component of load currents (ILpA) of  
three-phase load currents are calculated as, 

LpA Lpa Lpb LpcI   (I I I ) / 3= + +  (15) 

Average amplitudes of the fundamental reactive power component of load currents (ILqA) 
are estimated as, 

LqA Lqa Lqb LqcI   (I  I I ) / 3= + +  (16) 
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4.3.3 Estimation of active and reactive power components of reference grid 
currents 

Active power components of AC grid currents consist of two components first one is 
active power component of load current and second one is corresponding to the losses in 
VSC. This required active power component as losses in VSC is estimated as follows. 
The error voltage in reference DC link voltage and sensed DC link voltage at the Kth 
sampling instant is given as, 

*
dcer(k) dc(k) dc(k)V V V= −  (17) 

where *
dc(k)V  is the reference DC voltage and Vdc(k) is the sensed DC link voltage of the 

VSC at kth instant. 
The output of the PI controller to regulate the DC link voltage of VSC at the kth 

sampling instant is expressed as, 

{ }wp(k) wp(k 1) pd dcer(k) dcer(k 1) id dcer(k)I I K V V K V− −= + − +  (18) 

where Iwp(k) is considered as another active power component of grid currents. Kpd and Kid 
are the proportional and integral gain constants of the DC link PI voltage controller. 
Therefore, total active power component of the grid currents (I * rp) and is estimated as, 

*
rp LpA wpI I I= +  (19) 

In phase components of reference instantaneous grid currents in phase of PCC voltages 
are estimated as, 

* * * * * *
sad rp ap sbd rp bp scd rp cpi I *u ,  i I *u ,  i I *u= = =  (20) 

Similarly the reactive power component of grid currents is the differences of two 
components. The first component is the fundamental reactive power component of load 
currents. The second component is to maintain constant voltage at PCC. A PI voltage 
controller is used to regulate the PCC voltage. The amplitude of terminal voltage (Vt), 
estimated in equation (9), along with its reference value (vref), are fed to the PI voltage 
controller. The voltage error is estimated as, 

*
er(t) tref (t) t(t)V V V= −  (21) 

The output of PI voltage controller, Iwq(k) for maintaining the amplitude of the AC 
terminal voltage to a constant value at nth instant is given as, 

( ) ( ){ }wq wq pa er er ia er(k)I (k) I (k 1) K V k V k 1 K V= − + − − +  (22) 

where Kpa and Kia are the gains of the proportional and integral voltage controller. 
Thus, the amplitude of reactive component of grid current is given as, 

*
rq wq LqAI I I= −  (23) 

The instantaneous quadrature component of the reference grid currents are estimated as, 
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* * * * * *
saq rq aq sbq rq bq scq rq cqi I *u ,  i I *u ,  i I *u= = =  (24) 

4.3.4 Generation of reference grid currents and PWM current controller 

Total reference grid currents are the sum of the active and reactive power components of 
currents. These are estimated from equations (20) and (24) as, 

( ) ( ){ }wq wq pa er er ia er(k)I (k) I (k 1) K V k V k 1 K V= − + − − +  (25) 

These reference grid currents * * *
sa sb sc(i ,  i  and  i )  are compared with the sensed grid 

currents (isa, isb and isc) in the PWM current controller. After amplification of the current 
errors, the output of current amplifiers are compared with fixed frequency triangular 
carrier wave (10 kHz) to generate gating signals for IGBTs of VSC. 

4.3.5 Neutral current compensation 

The grid neutral current is compensated by using a fourth leg of VSC. The grid neutral 
current (isn) is sensed and compared with its reference value *

sn(i 0).=  The current error is 
used to generate switching pulses for IGBTs of fourth-leg of VSC. 

5 Results and discussion 

The performance of the proposed SPV power generating system is depicted in Figures 2 
to 7. The four-leg VSC along with a DC-DC boost converter for MPPT of SPV array are 
modelled as shown in Figure 1(a). Three-phase reference AC grid currents are estimated 
from the sensed PCC voltages (va, vb, vc), load currents (iLa, iLb, iLc), and the DC link 
voltage of VSC (Vdc). The simulation of performance of the proposed configuration is 
carried out on the MATLAB Version 7.10.0 (2010a) using the SPS toolbox and discrete 
step solver of 1e-6. 

5.1 Performances of control algorithm 

Figure 2 shows the internal signals of control algorithm. These signals are represented in 
terms of grid voltage (va, vb, vc), load current (iLa, iLb, iLc), amplitude of fundamental load 
current (ILfa), in-phase and quadrature components of phase ‘a’ (upa) and (uqa), the 
amplitude of phase ‘a’ active and reactive power component of load current (ILpa, and 
ILqa), average amplitude of fundamental active and reactive power component  
of load currents (ILpA, ILqA), active power and reactive power component of grid currents 
(Iwp and Iwq), total active and reactive power component (Irp and Irq), and reference grid 
currents(isabc) under nonlinear load. These signals demonstrate satisfactory performance 
of the control algorithm as internal signals. 
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Figure 2 Performance of control algorithm under nonlinear load (see online version for colours) 

 

5.2 Performance of proposed system at unbalanced linear load for UPF and 
load balancing 

The proposed SPV system is interfaced to a four-wire distribution system which has a 
linear load of 30 kVA at 0.8 lagging power factor at PCC. Figure 3 shows the response of 
the system. The load unbalancing is occurs at 0.25 s by removing load from one phase. 
The load is applied again at 0.4 s. During this load unbalancing, it can be seen that grid 
currents are balanced and sinusoidal and both grid voltage and current are in phase with 
each other. When the SPV intensity is reduced to zero at 0.4 s, the DC link is maintained 
using a DC voltage PI controller. After 0.4 s, the load is supplied from the grid now the 
direction of the grid currents are reversed as shown in Figure 3. 
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Figure 3 Performance of proposed system at unbalanced linear load for unity power factor and 
load balancing (see online version for colours) 

 

5.3 Performance of proposed system at unbalanced nonlinear loads for UPF 
and load balancing 

Figure 4 shows the dynamic response of the SPV system at nonlinear load. The load 
unbalancing is realised by removing one phase load at 0.25 s. A nonlinear load is realised 
by using three single-phase bridge rectifiers having resistive load with capacitive filter. It 
is observed from Figure 4, that during load unbalancing, the grid currents are sinusoidal 
and balanced. It is also observed that the grid currents are in phase with PCC voltages 
demonstrating unity power factor at AC mains. Up to 0.4 s the active power is supplied 
by the SPV array and beyond 0.4 s the load is supplied through the grid. 
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Figure 4 Performance of proposed system at nonlinear unbalanced loads for unity power factor 
and load balancing (see online version for colours) 

 

5.4 Performance of proposed system at unbalanced linear load for ZVR and 
load balancing 

Figure 5 shows the performance of the proposed system at the linear load of 30 kVA at 
0.8 lagging power factor and the load unbalancing is realised by removing load from one 
phase. In Figure 5, it is observed that at 0.4 s, the SPV intensity is reduced to zero as a 
result. SPV current (iPV), SPV voltage (vpv), SPV power (Ppv) are also reduced. Normally 
there is a voltage drop at PCC due to grid impedance and this voltage drop is 
compensated by reactive power compensation and required reactive power is supplied by 
the VSC. Unbalancing of loads occurs between 0.25 s to 0.4 s and during load 
unbalancing; the PCC voltage is maintained to its reference value. The grid neutral (isn) 
current is also appeared to be negligible. 
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Figure 5 Performance of proposed system at linear unbalanced load for load balancing and 
voltage regulation (see online version for colours) 

 

5.5 Performance of proposed system at unbalanced nonlinear load for ZVR and 
load balancing 

Figure 6 shows the performance of the proposed grid interfaced SPV power generating 
system for voltage regulation mode at nonlinear loads. During load unbalancing, PCC 
voltage is regulated to its reference value. The load compensation with linear and 
nonlinear load is shown in Figures 7(a) and 7(b). The waveforms, harmonic spectra and 
total harmonic distortion (THD) in the load current, AC grid current and load voltage are 
shown in Figures 8(a) to 8(c). The THD of the AC grid current is observed of the order of 
3.40%, and PCC voltage THD is found to be 1.32%. The THD of PCC voltage and AC 
grid current are well within the limit of IEEE-519 standard, even under nonlinear loads 
having a load current THD of 61.05% (IEEE Recommended Practices and Requirements 
for Harmonic Control in Electrical Power Systems, 1993). 
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Figure 6 Performances of proposed system at nonlinear unbalanced load for load balancing and 
voltage regulation (see online version for colours) 
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Figure 7(a) Compensation of linear unbalance load (see online version for colours) 
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Figure 7(b) Compensation of nonlinear unbalance load (see online version for colours) 
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Figure 8 (a) Waveform and harmonic spectrum of load current (b) Waveform and harmonic 
spectrum for grid current (c) Waveform and harmonic spectrum for PCC voltage  
(see online version for colours) 

 

 

  
(a)   (b) 

 
(c) 

6 Conclusions 

A new control algorithm for SPV power generating systems has been proposed with 
reactive power compensation for harmonics reduction and voltage regulation, along with 
PFC and neutral current compensation. The DC link voltage of the VSC has been 
regulated without transients to a reference value under dynamic conditions. The proposed 
SPV configuration has been found to meet peak load demand, as well as to mitigate the 
power quality problems in the distribution system. System performance is observed to be 
well within the range of the IEEE-519 standard. 
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Appendix 

Design parameters of a 30 kW SPV system 

• voltage/temperature coefficient (Kv) = –80e–3 V/K 

• current/temperature coefficient (Ki) = .003 A/K  
(Ghartemani and Ziarani, 2004; Ziarani and Konrad, 2004). 

DC-DC boost converter 

• D = 0.25 

• Ki = 0.34 

• KP = 0.08 

• fsh = 10 kHz. 

Parameters for VSC 

• DC link of VSC: 700 V, with capacitance of VSC: 3,000 μF, 

• VSC inductor: 5 mH 

• DC voltage PI regulator: Kpd = 1.27 

• Kid = 0.18 

• AC voltage PI controller: Kp = 1.2, Ki = 0.34 

• AC line voltage: 415 V, 50 Hz 

• PWM switching frequency: 10 kHz 

• grid impedance: Rs = 0.01 Ω, Ls = 1.5 mH, 

• loads: 
1 linear: 30 kVA, 0.80 pF lag 
2 nonlinear: three single-phase bridge rectifiers with R = 12 Ω and C = 570 μF 

• ripple filter: Rf = 5 Ω, Cf = 10 µF. 
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1 Introduction 

Microgrid paradigm is a local grid system which integrates multiple distributed energy 
resources (DERs), power conditioning units, distributed energy storage (DESs) systems 
and distributed loads (DLs), which may operate in parallel with the utility grid in  
grid-tied mode or as a stand-alone system in islanded mode. DER units consist of 
distributed generation (DGs) units such as photovoltaic cells, fuel cell, diesel backup 
generators, and micro-turbines and storage units, such as batteries. Power conditioning 
units manage and regulate power flow between the supply and the load. A microgrid has 
the potential to meet the increasing power demand without physically expanding the 
ageing grid. In addition, a local grid can effectively increase interoperability, reliability 
and security. 

According to the Department of Defense, over 40 military bases in the USA. Either 
has operating microgrids or is developing microgrid technologies (EE Times, 2013). 
Examples of existing systems include the NSF Dahlgren 14 MW microgrid and the Fort 
Detrick microgrids (8 MW and 6.5 MW). Moreover, Smart Power Infrastructure 
Demonstration for Energy Reliability and Security (SPIDERS) is an ongoing effort to 
develop microgrids in a cyber-secure manner. However, most of the existing systems are 
relatively unsophisticated and are not being utilised to their full potential. 

The energy generation-distribution system within the microgrid is expected to be 
distributed, intelligent, and interactive (Wang et al., 2012; Simoes, 2006). Under normal 
circumstances, microgrids operating in parallel to the grid should supply any additional 
demand and transfer any surplus energy back to the grid, thereby reducing the stress on 
the grid. However, this also requires that the grid-tied microgrid be synchronised with the 
utility grid and maintain the same power quality as the main grid. In case of disturbances 
such as planned maintenance and/or blackouts, the local grid should be able to disconnect 
itself from the grid and the loads should be supplied entirely by the DER units without 
interruption with excellent power quality. While this concept increases the reliability of 
the grid considerably, several technical challenges need to be addressed. The Department 
of Homeland Security’s vision of the microgrid can not be complete without security 
guarantees. Energy security is one of the main reasons that led the Department of 
Defense to promote the adoption of microgrid technology. However, with more 
communication connections being added to the grid, the ‘attack’ surface of the microgrid 
is increasing. 

Section 2 presents the different types of microgrid structures. Crucial features of the 
microgrid such as issues with power conditioning units, load management, power quality, 
energy storage, and islanding mode of operation will be discussed (Wang et al., 2012; ) 
Degner et al., 2006) will be discussed in Section 3.1. Section 3.2 discusses security issues 
in different parts of the microgrid, ranging from the communications infrastructure, to 
SCADA equipment and energy meters. Current policies in guiding microgrid 
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implementations and future research directions are presented in Sections 3.3 and 3.4, 
respectively. 

2 Types of microgrids 

Depending on the types of transmission and distribution systems used, irrespective of the 
distributed energy resources, microgrids can be classified into three main categories 
(Wang et al., 2012): 

2.1 DC microgrids 

Applications such as telecommunication systems, electric and hybrid vehicles, and 
shipboard power systems are examples of DC distributed power systems (Mizuguchi et 
al., 1990; Ciezki and Ashton, 2000). Integration of DERs into the grid to supply these DC 
loads or traditional ac loads is necessary. In a DC microgrid system, these DG units are 
coupled to these loads through a common DC bus. Power electronic converters are used 
to convert the various generation outputs to a common DC bus voltage and then to 
convert the DC bus voltage to the required AC or DC voltage level to supply the load. 
The DC microgrids can be connected to the utility grid by means of DC-AC inverters to 
operate in grid-tied mode. 

2.2 AC microgrids 

AC microgrids, depending on the operating frequency can be classified into  
line-frequency AC (LFAC) microgrids and high-frequency AC (HFAC) microgrids 
(Wang et al., 2012, 2010). LFAC microgrids use line-frequency transmission systems at 
60 Hz. HFAC ac microgrids use high operating frequencies such as 400 Hz or 500 Hz. 
Power electronic conditioning is used to convert the DER outputs to the intermediate AC 
bus voltage with the corresponding frequency and is then transmitted to the coupling 
point of the grid. By increasing the operating frequency, the size and weight of the power 
electronic equipment and the filter component will be reduced considerably. But, the 
transmission losses and voltage droop increase with distance. Different structures of AC 
microgrids and control schemes are available in the literature. 

2.3 Hybrid DC and AC microgrids 

Hybrid DC and AC microgrid concept provides a more flexible approach to integrate 
heterogeneous set of DERs into the existing electric power distribution system with 
flexibility and robustness (Jiang and Yu, 2008). Each level in this hierarchical system 
behaves as a single entity for each subsequent level. 

In the first level, the different types of DG units along with DES systems are coupled 
to a common DC bus through power electronic converters. Local control systems need to 
be employed to ensure the reliability of the DC bus. Each DC bus will behave as a 
constant-voltage variable-power DC source to the next level. The second level in the 
architecture comprises of an AC link coupling a collection of DC buses through  
voltage-source inverters. Each inverter output voltage and frequency can be regulated by 
independent controllers, thereby controlling the flow of active and reactive power to the 
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grid. The DC bus may supply local DC loads and the AC bus may supply local AC loads. 
The third level in the hierarchy interfaces the DER microgrid with the utility grid through 
synchronous links. In the event of an islanded operation, the synchronous link enables a 
smooth transition from grid-tied mode to the stand-alone mode with minimal power loss 
from the microgrid. The link will be resynchronised with the grid, when the connection is 
re-established. 

While the proposed system gives a lot more flexibility for plug and play of DER units 
and DLs, it also increases the complexity of the communication and control units. 

3 Microgrid implementation challenges 

Microgrid implementations as shown in Figure 1 are complex systems, which consist of 
various subsystems. Due to the need for interoperability and communication among 
components, technical and security challenges arise. For example, complex control 
circuits are needed to locally control the source-side power converters to provide 
regulated output, different power converter topologies need to be employed for 
appropriate power conversion and flexible power electronics interfaces are needed to 
achieve desirable coordination among DERs, DC links, AC links, and the surrounding 
power system. At the same time, communications among control equipment, the 
corporate network, the service provider, and the customer network should be carried out 
through secure channels. 

Figure 1 Microgrids and the distributed energy future (see online version for colours) 

 

Source: NIST (2014) 
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3.1 Technical challenges 

An overview of several technical challenges to be considered to insure a reliable, robust, 
and stable microgrid system is presented in this section. 

3.1.1 Power electronic converters 

Power conditioning units, implemented using power electronic converters, are an integral 
part of microgrids, as they are used to control the power flow from the DER units to the 
loads and supply the voltage, current, and frequency as required by the load (Wang et al., 
2012; Jamil et al., 2009). As already mentioned, depending on the type of energy source, 
load, and the type of microgrid, different power converter topologies need to be 
employed for appropriate power conversion. 

In a microgrid, the DG units can be variable DC sources such as solar cells or fuel 
cells or variable AC sources such as wind turbines. In a DC microgrid, a unidirectional 
DC-DC or AC-DC power converter is used to convert the source input into a common 
DC bus voltage. A bidirectional power converter may be needed, if an energy storage unit 
such as a battery is used, to facilitate power flow from the storage unit to the DC bus and 
to recharge it when needed. In an AC microgrid, the source inputs are converted into a 
common AC bus voltage using DC-AC inverters. A wide-spectrum of power electronic 
converters is used in hybrid microgrids. The intermediate buses may supply respective 
local DLs. Therefore, special attention should be taken to ensure the bus voltages are 
properly regulated and has sufficient power quality. Complex control circuits are needed 
to locally control the source-side power converters to provide regulated output 
irrespective of the variable input from the various DG units. 

Power electronic converters are also used to interface the intermediate bus voltage to 
the utility grid in grid-tied microgrids. In such situations, the converter output should be 
synchronised with the grid voltage, frequency, and phase. This can be achieved by 
controlling the grid-tied converter locally. These converters along with their control 
circuits should be able to disconnect from the utility grid in case of emergencies, operate 
in island mode, and resynchronise with the grid when the grid connection is  
re-established. 

Advanced and flexible power electronics interfaces and their controls are needed to 
achieve desirable coordination among DERs, DC links, AC links, and the surrounding 
power system. A variety of power electronic interfaces and different controls for 
microgrids were discussed in Simoes (2006) and Jiang and Yu (2009). Power converters 
used in microgrids should have properties such as high efficiency, low cost, possibility of 
flexible external control, transient stability, faster response to variable inputs and loads, 
and resistance to voltage surges and faults (Biczel, 2007). 

3.1.2 Power devices 

As discussed above, power converters play a key role in the power flow management in 
microgrids. The high efficiency of the power converters is attributed to the usage of 
power semiconductor devices as switches. Silicon (Si) technology, which currently 
dominates in the semiconductor manufacturing industry, however is reaching its physical 
limitation for high-power, high-voltage applications (Wang et al., 2009). There is a need 
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for advanced power semiconductor devices with high-voltage, high-frequency, and  
high-temperature operation capability. 

Research has shown that wide-bandgap semiconductors such as Silicon Carbide (SiC) 
and Gallium Nitride (GaN) show promise in the manufacturing of power devices which 
are superior to the Si counterparts (Zhang et al., 2010; Compound Semiconductor, 2012). 
A comparison of electrical and physical properties of Si, SiC, and GaN is shown in  
Table 1 (Microsemi Power Product Group). The wide energy bandgap and high 
breakdown electric field enable both SiC and GaN devices to withstand high reverse 
voltages with low leakage currents. Higher electron mobility and saturation velocity 
makes GaN more suitable for high-frequency applications compared to SiC. GaN devices 
have been gaining popularity in RF applications. Lower dielectric constant, compared to 
Si, limits the parasitic capacitance and permits faster switching for both SiC and GaN. 
SiC, with its higher thermal conductivity compared to that of GaN, is suitable for high 
power density applications such as in microgrids. 
Table 1 Comparison of material properties of Si, 4H-SiC, and GaN 

Property Si 4H-SiC GaN 

Band gap energy (eV) 1.1 3.2 3.4 
Breakdown electric field (V/cm) 1.5 × 106 2:2 × 106 3.5 × 106 
Electron mobility (cm2/Vs) 1,200 800 2,000 
Electron saturation velocity (cm/s) 1 × 107 2.2 × 107 2.7 × 107 
Dielectric constant 11.8 9.7 8.9 
Thermal conductivity (W/cm2K) 1.5 3.5 1.3 

Source: Microsemi Power Product Group 

The excellent properties of wide-bandgap power devices could significantly impact the 
microgrid industry in various aspects, such as improvements in power density, cooling 
requirements, system response times, overload capability, and reliability (Zhang et al., 
2010). However, these devices are still struggling with performance and reliability issues. 
The properties of SiC, which makes it attractive for high-voltage, high-power, and  
high-temperature applications, pose the main challenges in SiC device manufacturing. 
The various challenges in SiC device manufacturing include low availability of the 
compound, difficulty in doping due to its physical strength, defects such as micropipes in 
the substrate makes it difficult to manufacture larger wafers, and high manufacturing and 
processing costs. Production processes for GaN substrates and devices of high quality are 
not as mature as SiC (Microsemi Power Product Group). The availability, easier 
processing techniques, and lower cost of Si, makes it challenging to fully exploit the 
physical and chemical properties of wide-bandgap devices as of today’s technology. 

3.1.3 Load management 

Load management is defined as sets of objectives designed to control and modify the 
patterns of consumer power demands in an economic manner (Mbarushimana and Ai, 
2011). Proper load management plays a significant role in the stability and reliability of a 
microgrid. A good understanding of the load characteristics is necessary to design control 
strategies for the microgrid and to deploy load sharing between the DER units (Wang  
et al., 2012). 
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In grid-tied mode, load management is critical in case of an emergency to protect the 
grid as well as the load. Emergency responses are implemented either by a independent 
system operator (ISO) or relays. Load management may also involve load reduction as a 
response to the consumer demand, especially during peak load operation. This will help 
flatten the load profile and reduce the stress on the grid, thereby reducing costs and the 
need for additional resources. Load management also serve as an ancillary resource to 
help reliability (Moslehi and Kumar, 2010). An effective balance between building new 
supply resources and reducing demand can be achieved by even a demand response of 
5%–15% of peak demand (ISORTO, 2007). For efficient load management, it is 
necessary to have a bi-directional communication system between the consumer and the 
operator. 

Load management is especially important in situations where the utility grid is 
interrupted and the microgrid has to operate in stand-alone mode. In islanded operation, 
the central control system has to ensure the DG as well as the DES units continue to 
supply critical loads without interruption. In this mode of operation, a close monitoring of 
the loads and DG units is required to ensure that the DLs are sufficiently supplied by 
local DGs. Kennedy et al. (2012) presents a scheme in which loads and DG units are able 
to detect conditions where not all the loads are sufficiently supplied by the local DERs, 
and then employ a load shedding algorithm, which systematically removes loads from the 
network until the microgrid can support the islanded operation. Load shedding 
coordination may need communications between the static transfer switch, intelligent 
load shedder module, and the DGs protection module to determine the load priority. 

3.1.4 Energy storage units 

A successful and reliable operation of a microgrid requires continuous balancing of 
power supply and demand (Masaud et al., 2010). The DERs in a microgrid are 
intermittent and non-reliable as the energy output varies throughout the day. Most of the 
reliability issues of the microgrid can be solved if robust energy storage units are 
integrated into the grid. Energy storage units can be installed throughout the microgrid at 
different hierarchical level. This can alleviate congestion in both supply side and 
distribution side. Energy storage tends to generate a flatter load profile and improves 
reliability of the system (Moslehi and Kumar, 2010). Having DES systems will insure 
power balance in a microgrid in spite of the load fluctuations and DG units with slow 
response time and intermittent outputs. It also enables seamless fast transition from  
grid-tied mode to islanded mode and vice-versa of a microgrid (Lidula and Rajapakse, 
2011). Potential benefits of having advanced energy storage systems include system 
reliability, dynamic stability, power quality, and high transmission capacity. 

An overview and comparison of available energy storage devices such as batteries, 
flywheels, super capacitors, superconducting magnetic energy storage, hydrogen fuel 
cell, compressed air energy storage, pumping hydro energy storage, and compressed solar 
power was presented in Masaud et al. (2010). Based on the amount of power it can 
supply and the duration of the supply, storage units are divided into short-term,  
long-term, and very long-term units. In the grid-tied mode, the main purpose of energy 
storage units is to balance supply and demand, to reserve energy during reduced load and 
dispatch during peak hours, and to enable the integration of renewable resources into the 
grid ensuring high power quality. In the islanded mode, DESs along with DG units 
should be able to supply critical and non-critical loads without interruption for a long 
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duration. This demands advanced, high capacity, very long-term energy storage 
technology which, needless to say, could be very expensive. 

3.1.5 Islanded operation 

Most of the existing systems operate in parallel with the utility grid and are equipped 
with anti-islanding features on the basis of safety. IEEE standard 1,547 requires that all 
the grid-tied DG units be disconnected rapidly in the event of a grid outage (IEEE 
Standards Association (2011). During disturbances, a reliable microgrid should be able to 
disconnect the generation units and the loads from the main power distribution network 
without compromising the grid’s integrity (Lasseter and Paigi, 2004). This islanding 
capability provides more reliable and cleaner power to customers. 

A microgrid with islanding capability will need sophisticated monitoring and control 
systems to facilitate the islanded operation (planned or unplanned) and the transition 
between the grid-tied mode and the islanded mode (IEEE Standards Association, 2011). 
When operated in parallel with the utility grid, the microgrid will supplement the grid to 
maintain power balance. In the transition mode, care should be taken to ensure that 
sufficient DG units along with DES systems are available to supply the system voltage 
and frequency for the duration to achieve a successful transition. During the islanded 
mode, the system should maintain voltage and frequency regulation, transient stability, 
load management, and protective features in case of island faults. Careful monitoring of 
active and reactive power is required to avoid any equipment damage due to power 
imbalance. 

Several issues such as islanding detection and verification, protection strategies and 
relay coordination, control strategies to achieve optimum voltage, frequency, and phase 
regulation and transient stability, as well as techniques to improve power quality during 
islanding and efficient load management should be investigated further to establish a 
functional and reliable islanding feature in a microgrid (Katiraei et al., 2005). 

3.1.6 Power quality 

Power quality of an electrical power system, supplying a variety of critical and  
non-critical loads, is an important problem. In a microgrid, the presence of intermittent 
renewable energy sources, power electronic converters with switching elements, and  
nonlinear varying loads can cause power reliability or quality concerns (Moslehi and 
Kumar, 2010; Fu et al., 2012; Degner et al., 2006). Issues such as swells/sags, spikes, or 
harmonics are crucial at the distribution level. 

As mentioned earlier, power electronic converters serve as efficient power 
conditioning systems through out the microgrid paradigm. The switching process in the 
converters introduces harmonics into the distribution system. The nonlinear loads 
connected to the network also inject harmonics into the network. IEEE-519 and  
IEC-1000 standards have to be followed in restricting the harmonic loading into the 
utility system (Simoes, 2006). Renewable energy resources which are part of the DG 
units in a microgrid are intermittent and should be managed properly to ensure sufficient 
power quality. This is especially true in islanded operation, where all the priority loads 
are supplied by the DG units and DES devices (Fu et al., 2012). It is important that the 
islanded microgrid have at least the same power quality as the main utility grid, if not 
better. In a grid-tied microgrid, the microgrid output should be synchronised with the 
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utility grid voltage, frequency, and phase. In grid-tied mode, the utilities use certain 
reliability indexes such as System Average Interruption Duration Index (SAIDI), System 
Average Interruption Frequency Index (SAIFI), and Customer Average Interruption 
Duration Index (CAIDI) to evaluate the power quality and reliability provided to their 
customers (Fu et al., 2012). Properly designed and reliable storage devices will help 
improve the power quality issues by balancing the supply and demand appropriately 
(Masaud et al., 2010). As the renewable resource penetration into the grid reaches 
significant levels, power quality issues will be more pressing. 

3.2 Security challenges 

One of the most important concerns of utility companies, the US Department of Energy 
and the Department of Homeland Security is securing the grid. After hackers inserted 
software into the US electrical grid (Gorman, 2009), which would cause the grid 
operation to be disrupted at a later date from a remote location, and Stuxnet, the first 
control malware, it became evident that critical infrastructure is susceptible to cyber 
attacks. The growing reliance of the grid on internet-based communication has increased 
the vulnerability of control systems and turned cyber security into a critical and complex 
problem for smart grids overall. 

3.2.1 Cyber security requirements 

To provide a basis for the discussion of security in power systems, we state the security 
requirements for microgrids. Traditionally, information security is defined by the triad: 
confidentiality, integrity, and availability (CIA) as shown in Figure 2. Confidentiality 
ensures that only authorised users get access to private information; integrity prevents 
malicious entities from modifying information, while availability ensures systems are 
available to deliver required services. 

Figure 2 CIA triad 

 

 

Applying the CIA concepts to microgrids, a malicious entity should not be able to 
perform the following actions: 
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• Monitor power usage data since access to such information reveals personal usage 
patterns of specific appliances during the year. This is customer’s private data and 
should not be shared with outsiders. Confidentiality of pricing information, control 
information, and commands is also critical. 

• Get access to keys used in cryptographic algorithms to ensure confidentiality. 
However, the particular algorithm implemented on a system is not private. It should 
be designed in a way that even if it is known to the attacker, the system cannot be 
broken (security by obscurity does not apply). 

• Modify pricing information, because loss of data integrity can lead to significant 
revenue loss. For example, if the attacker manages to inject negative prices, devices 
would simultaneously start working to take advantage of the low prices, leading to a 
spike in demand and shortage of supply (Mo et al., 2012). 

• Gain remote access to control equipment and change the software running on it, or 
reprogramming the device to control its functionality. Detering an adversary from 
injecting malware is another critical task. 

• Launch denial-of-service attacks by sending massive data, fake requests or by 
directly disabling control and network equipment. In microgrids, availability of 
power is a key aspect; compromising smart meters, appliances and other grid 
components can have huge financial and legal implications. 

3.2.2 Physical security 

In the context of microgrids, physical security deals with protecting transmission lines, 
substations and overall all equipment that is part for the communications infrastructure. 
There are several methods that should be implemented so that adversaries can not tamper 
with or destroy a part of the power generation, supply or management. Cyber security 
systems are as secure as the physical security countermeasures in place. Most of them 
relate to room and personnel security, e.g., using locks for access control, implementing 
video surveillance and motion sensors around critical equipment, using alert notification 
systems, performing physical security assessments and deploying biometrics, card swipe 
and pin numbers to grant access to private areas. At the same time, it is important to 
disable unused terminals or network equipment ports to prevent backdoor attacks. 

3.2.3 SCADA equipment remote threats 

Many of the existing devices in Industrial Control Systems (SCADA) are unsecured 
today and thus subject to vulnerabilities. 70% of SCADA network devices use RJ-485 
serial ports, which are susceptible to cyber-attacks (Greentech Media, 2010). 
Furthermore, more and more control nodes are added to the control network, which is 
broadly exposed. It is becoming increasingly simple to mount a cyber attack using 
SCADA-specific software and public information. If anyone types ‘SCADA hacking’ in 
Google search, a plethora of results comes up with particular attack instructions for 
specific SCADA machines. It is interesting that roughly 2,600 SCADA manuals and 
tutorials have been found in the hacker community in the past few years (Greentech 
Media, 2010). 
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In order to successfully mount an attack targeting industrial control systems the 
attacker could inject a worm into a vulnerable control system and reprogram the system. 
A well-known example of such a malware-based attack is Stuxnet (Vijayan, 2010). 
Another possible scenario is having an adversary intercept SCADA frames. An attacker 
can obtain unencrypted plaintext SCADA Distributed Network Protocol 3.0 (DNP3) 
frames that provide valuable information, such as source, destination addresses and 
control settings (Mo et al., 2012). Such data can then be used at a later date to launch 
attacks on other SCADA systems, causing service disruptions. 

Since control systems log their activities into databases, it is essential to protect 
control systems databases. Especially in cases where the control systems databases is 
directly connected to the business network, a malicious entity can gain access to the 
control system just by breaking into the business network (Mo et al., 2012). Modbus 
protocol is a non-secure SCADA protocol (Huitsing et al., 2008). Its use is widespread in 
industrial control applications (oil, gas and water plants, but it was not was not designed 
for security-critical environments). Several attacks have been documented, including 
spoofing, replaying, and network scanning (Mo et al., 2012). 

3.2.4 Communication infrastructure vulnerabilities 

A critical aspect of microgrids is the communication infrastructure for controlling the 
various energy sources. Data from sensors are sent to a centralised or decentralised 
system to monitor and control the system’s state. The problem arises because formerly 
‘unintelligent’ devices now communicate over networks. We observe that the grid’s 
communications infrastructure is moving towards open and IP-based transmission and 
distribution networks. For example, the Oak Ridge National Lab uses Ethernet links for 
its microgrid system, while a viable and quickly deployable alternative could be a 
wireless communication link (Kueck et al., 2002). The presence of a network, especially 
a wireless network can create a lot of attack points. Since the common TCP/IP internet 
protocol is used to implement any network stack, microgrids will face the same 
vulnerabilities which any other networked device faces (e.g., routers, connected vehicles, 
networked sensors and cyberphysical systems in general). The Remote Procedure Call 
protocol is also frequently used in smart grid components, which again is notorious for 
allowing attacks from remote locations. 

Depending on the network topology, peers can directly communicate to each other 
and transfer malware, without even accessing the centralised location. Moreover, 
malicious entities could eavesdrop at the network link, trying to obtain access in private 
information by monitoring network traffic. Sensitive information could leak, including 
power usage, future price information or even information regarding the control 
infrastructure of the specific migrogrid implementation. Traffic analysis in a very 
common attack method, where the adversary monitors, saves and later analyses network 
traffic to obtain communication patterns or even encrypted communication. Access to 
this type of information can potentially lead to further attacks and serious security 
breaches. 

 
To help resolve cyber-security concerns, next-generation microgrid deployments are 

in the process of running fibre optic connections to connect Energy Management and 
Control System (EMCS) devices and meters. The protocols running over the fibre optic 
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lines will have cyber-security controls to allow them to tie to the main grid  
(Van Broekhoven et al., 2012). 

3.2.5 Secure meters 

A very important part of cyber-security in microgrids has to do with energy meters. 
Deployment of smart meters and Advanced Metering Infrastructure (AMI) systems 
introduces a lot of vulnerabilities. Devices that did not use to have any built-in 
intelligence can now act and respond to commands. This opens the road for potentially 
malicious commands to be sent to smart meters. For example, sending disconnect 
messages to smart meters in an area could lead to power shut-down in that area. If 
hackers manage to intrude into smart meters, they can also cause cycling or invalid 
switching of relays until they burn. Although a fire would not always start, the threat 
from attacking a large number of meters reveals the scale of a potential cyber-attack 
(Greentech Media, 2010). 

At the same time, a malicious entity can develop malware and broadcast it to start 
controlling smart devices. An infected device or system could change its functionality 
and for example, start revealing private information or become a bot that infects other 
connected devices. Since smart meters are networked devices, an adversary can send 
harmful data through the network. False information on current or future prices can be 
injected and cause the meter to send wrong data to a utility company (Xie et al., 2010). 
The results of negative pricing and wrong data injection could range from power shortage 
to huge financial consequences on a utility company and the energy markets overall. Of 
course, the utility company’s server is another asset that needs to be protected so that 
pricing information and private user’s data is not revealed to unauthorised parties. 

The Department of Defense is currently trying to develop cyber secure metering 
systems taking security requirements into consideration and using certified hardware on 
ongoing installations (e.g., in SPIDERS microgrid project). 

3.2.6 Attack detection, prevention and emergency response 

From the previous discussion, it is evident that there are several attacks points in 
microgrids. Denial of service attacks plays a critical role in the grid’s operation; their 
impact becomes quite obvious in the form of power outages. An adversary can launch an 
attack towards the metering infrastructure, the control equipment, the communication 
links or even the networking devices and interfaces used in the essential communications 
infrastructure. Since power supply could be interrupted for variable amounts of time, 
microgrids should be equipped with back-up supplies that last for several days.  
Fault-tolerance has to be an integral part of microgrids so that the power system 
continues power delivery even if a part of it fails. 

While fault-tolerance is essential for emergency response to attacks and outages, 
attack prevention is equally important. Security monitoring is one of the ways to detect 
security breaches, and security analytics can be deployed simultaneously to assign 
probabilities to particular harmful events, perform risk assessment and, overall, prepare 
power systems for future attacks. While utility companies have adequate personnel for 
security monitoring, microgrids may not have sufficient resources to perform monitoring 
in such a scale. Microgrids should have automated monitoring tools that detect intrusions 
and trigger immediate responses. At the same time, frequent audits should be performed 
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in order to identify potential vulnerabilities of their systems (Smart Grid Library, 2010). 
As far as energy management systems are concerned, DoD Information Assurance 
Certification and Accreditation Program (DIACAP) approved devices can be used. 

Overall, power systems administrators could enhance security by Henry (2011): 

• Protecting control systems behind firewalls and separating them from the business 
network. In this way, if anyone manages to break into business servers, they will not 
manage to gain control over critical infrastructure. 

• Using virtual private networks (VPNs) for remote access and limit remote procedure 
calls. 

• Enforcing the use of strong passwords and implement account lock-outs after a small 
number of log-in attempts. 

• Disabling unused ports and interfaces on network and computer devices. 

• Applying the ‘principle of least privilege’ when it comes to permissions and protect 
password files. 

• Protecting and limiting the creation of administrator accounts as well as removing 
default system accounts. 

It is essential to note here that since scalability is an absolute requirement for microgrids, 
all security solutions must be scalable as well. The power infrastructure is bound to 
increase in the future; security solutions should continue to deliver the same performance 
and not slow down the grid’s operations (Wei et al., 2007). 

3.3 Current policies 

Currently, several policies and standards are in place to guide microgrid implementations. 
However, they need to be modified and/or improved to ensure interoperability, reliability, 
and security in the power network. New policies may need to be developed as DER 
penetration and use of intelligent devices in the localised grid. This section discusses 
current policies and standards in place. 

IEEE standard 1547 (Glover et al., 2014; Basso and DeBlasio, 2012) guides the 
interconnection standards and requirements between DERs, DGs, and the microgrid. 
IEEE 1547 standard and its amendments along with short descriptions are listed below: 

• 1547-2003: Interconnecting distributed resources with electric power sources. 

• 1547.4: Design, operation, and integration of distributed resource islanded systems 
with electric power systems. 

• 1547.7: Conducting distribution impact studies for distributed resource 
interconnection. 

• 1547.8: Recommended practice for establishing methods and procedures that provide 
supplemental support for implementation strategies for expanded use of IEEE 1547. 

This standard and amendments address many of the technical integration issues including 
high penetration of DGs and DESs, load management, and support in a microgrid.  
IEEE-519 and IEC-1000 standards (Compound Semiconductor, 2012) guide in 
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maintaining the grid power quality and in restricting the harmonic injections into the 
utility grid. 

IEEE Standard 2030 (Glover et al., 2014; Basso and DeBlasio, 2012) provides 
alternative approaches and best practices for achieving smart grid interoperability. Short 
descriptions of the IEEE2030 series are listed below: 

• 2030: Guide for smart grid interoperability of energy technology and information 
technology operation with the electric power systems, and end-use applications and 
loads. 

• P2030.1: Guide for electric-sourced transportation infrastructure. 

• P2030.2: Guide for the interoperability of energy storage systems integrated with the 
electric power infrastructure. 

• P2030.3: Standard for test procedures for electric energy storage equipment and 
systems for electric power systems applications. 

Communication protocols such as distributed network protocol DNP3 (Glover et al., 
2014) are established for communications between various SCADA systems, remote 
terminal units, and smart electronic devices. Even though DNP3 protocol was very 
reliable, several authentication features had to be added to increase the security of the 
network. 

3.4 Research directions 

In this section, we identify a few key open problems in the context of microgrid research: 

• Communication links within subsystems in the microgrid are expected to increase in 
the near future; thus investigating affordable and secure communication links for 
microgrid implementations is an important research area. Since the geographical 
location span of microgrids is limited, fibre optics or power line carrier modes can be 
used in conjunction with standard communication protocols. 

• Several frequency and voltage control methods under various operation modes 
should be analysed. Distributed control may require exchange of data and models 
that are not part of the standard protocols and practices in the power system, which 
will require policy changes for microgrids. 

• Networked control systems are frequent targets of cyber attacks. Corporations will 
soon need to share critical data to protect systems against cyberattacks. Also, future 
research should focus on developing distributed control schemes, which are more 
robust against these vulnerabilities. 

 

4 Conclusions 

This paper provides an overview of technical and security concerns regarding existing 
and future microgrid implementations. Important technical challenges include proper load 
management, control and regulation of power converters, robustness of existing energy 
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storage devices, and non-reliable intermittent distributed energy sources. Power quality 
and balance should be closely monitored by means of continuous information flow 
between the microgrid and the grid operator. It is also evident that the grid is rather 
exposed to many adversaries as well as insiders. Communication links, control equipment 
and utility meters suffer from various threats. Even though there are ways to secure 
current power systems, proper security monitoring is essential to prevent future attacks. 
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Abstract: This is the real-time study to quantify and analyse the impact of 
distributed generation (DG) in Tamil Nadu, India to examine what the benefits 
of decentralised generation would be for meeting rural loads. The recent 
unbundling of electricity boards in India into small units (corporations) has 
created opportunities for involvement of independent power generation 
companies. Remarkable achievements and improvements are expected in 
power quality especially in the southern part of the country where more power 
shortage. The power system utilities are increasing every day, to enhance the 
distribution power quality and maintain the voltage stability is a challenging 
task. This can be achieved through the distributed generation (DG). The 
proposed technique has been developed and finding solution to real practical 
problems. The effectiveness of the proposed technique is tested and verified 
using MATLAB software and compared with the real-time study on long radial 
distribution system in Tamil Nadu (India). 
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1 Introduction 

The distributed generation (DG) is defined as installation and operation of small modular 
power generating technologies that can be combined with energy management and 
storage systems. It is used to improve the operations of the electricity delivery systems at 
or near the end user (Akorede et al., 2011). These systems may or may not be connected 
to the electric grid. DG system can employ a range of technological options from 
renewable to non-renewable and can operate either in a connected grid or off-grid mode. 
The size of a DG system typically ranges from less than a kilowatt to a few megawatts. 

The managerial and policy of the Tamil Nadu electricity board allows the 
optimisation of DG. There are various methods used for loss reduction in power system 
network like feeder reconfiguration, capacitor placement, high voltage distribution 
system, conductor grading, and DG unit placement. All these methods are involved with 
passive element except DG unit placement. Both capacitors and DG units reduce power 
loss and improve voltage regulation, but with the DGs loss reduction almost doubles that 
of capacitors (Fan and Shi, 2001). 

The issue of DG placement and sizing is of great importance in the present days of 
energy generation crisis, as its installation at non-optimal location tends to increase 
system losses. The increase in these losses means increase in costs and hence has a 
negative effect on the planner’s desired objective (Gonzalez-Longatt, 2007). For this 
reason, it is necessary to employ optimisation techniques that can find the best location 
for DG installation. Research outputs have shown that improper allocation and sizing can 
result in high power losses and can jeopardise the system performance or results in 
instability (Grunbaum et al., 1999). Many research and investigation have been done in 
the area of optimal DG unit placement for loss minimisation in distribution system. In 
Joos et al. (2000), the authors have shown the potential of DG with power electronic 
interface to provide ancillary services such as reactive power, voltage sag compensation 
and harmonic filtering. The work has demonstrated the ability of DG to compensate 
voltage sag that can occur during fault in the power system. However, the work could not 
quantify the amount of power loss reduction (PLR) due to DG installation in the network. 
Also, Ramesh et al. (2008) have used convolution technique to evaluate the probability of 
quantifying the benefit of voltage profile improvement involving wind turbine 
generation. According to Roozbehani (2012), non-iterative analytical approaches can be 
used to optimally place DG in both radial and meshed systems for the minimisation of 
power losses. All the approaches above are mathematical in nature and are found to be 
complex. A similar work in Momoh et al. (2008) has proposed an approach for the 
computation of annual energy losses for different penetration levels of DG in a 
distribution network. The authors have found that when DG units are dispersed along the 
network feeders the high losses are reduced up to a certain value of the DG capacity and 
beyond which the loss tend to increase. This idea was used to optimise DG capacity for 
minimum power loss. 
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2 Problem formation 

The presence of DG will fundamentally impact the power system operation and control. 
Some of the impacts are on voltage stability, power factor improvement, loss reduction, 
peak clippings and reliability in the distribution systems. 

Voltage control devices in conventional distribution systems (distribution systems 
without DG) are mostly operated based on the fact that the voltage decreases along the 
feeder, from the substation to the remote end. The presence of DG makes this 
characteristic no longer valid. 

Online tap-changers (OLTCs) in HV/MV or MV/LV transformers have been used to 
control the voltage at the secondary side of the transformer with power flowing from the 
primary to the secondary side of the transformer. High penetration of DG may cause the 
power to flow from the secondary to the primary side of the transformer. 

The operation of the OLTC or other voltage control devices is affected by the change 
of power flow; the more the power flow changes, the more the OLTC operates. On the 
other hand, some DG technologies continuously generate varying power and the DG has 
not been designed to control voltage. 

DG appears in different technologies with different steady state and dynamic 
characteristics. They may improve the distribution system voltage stability, but they can 
also cause the voltage stability in the distribution system to deteriorate. 

These are just some of the practical problems that may arise with the presence of DG. 
Several questions then emerge: 

1 How to coordinate DG with available voltage control devices in the distribution 
system in order to ensure that the distribution system will not lose the proper voltage 
regulation in the cluster load of rural feeder? 

2 How does DG impact voltage stability in the system? 

3 How does DG impact power factor correction in the system? 

4 How to design the control strategy for an optimum voltage and reactive power 
control in the presence of DG? 

5 How to mitigate the DG in line loss reduction? 

3 Planning for decentralised generation 

The conventional wisdom has indicated that large generation stations offer significantly 
better economies of scale. However, such calculations must be recalibrated when faced 
with the state of the power grid in many emerging economies in the states in India, viz., 
large distributed (rural) load, high T&D losses (including theft), limited capacity 
availability, and dramatically poor supply conditions. In such cases, a thorough analysis 
should be made for the policies, technical specifications, and economic analysis behind 
use of DG (Mithulananthan et al., 2004). 
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3.1 Current system 

The utilities interconnect with the renewable DG generators at high voltages (> 110 kV,  
> 33 kV or, > 11 kV, depending on the state lowest ‘transmission’ voltage level). This 
gives the utility the flexibility to divert the power in the grid. However, the local area 
does not benefit significantly from decentralised generation and moreover, there is no 
discernible improvement in the power quality and loss reduction or in utility’s revenues 
even though the utility purchases expensive power from the DG units (Chiradeja and 
Ramakumar, 2004; Quezada et al., 2006). In this current system now, the DG is 
connected at the beginning of the feeder. 

3.2 Proposed system 

In the proposed system, the DG is connected at the middle of the feeder. The utilities’ 
policy for DG units appears to be one-sided and overlooks the possible benefits of 
decentralised power generation in remote rural feeders. In this paper, we examine the 
opportunities with decentralised power generation in rural areas and attempt a more 
rational basis for framing utilities’ policies towards the DG units. In particular, we 
address the following issues: 

1 Impact of DG on the voltage profiles, reactive power and power factor. 

2 Technical distribution losses 

4 Simulation and analysis 

4.1 Methodology 

The real-time study approach is to conduct a three-phase AC load flow analysis 
(Roozbehani, 2012; Karajgi and Udaykumar, 2012) of a rural distribution feeders in 
110/11 KV Ullikkottai substation (TANGEDCO) in Tiruvarur district of Tamil Nadu in 
(Figure 1). This is representative of a typical distribution feeders in rural sub-station and 
the results will therefore have a wider applicability. 

There are five feeders in the substations feeds various villages mostly (> 70%) to the 
agricultural. Each feeder has a step-down transformer for 415 V/240 V and the 
transformer ratings are 25 KVA, 63 KVA, or 100 KVA. The distance between the  
sub-station and the tail end feeder is about 14 km and the peak demand is 18 MW  
(Table 1). The feeder’s load is mostly agriculture pumps and motors that are inductive 
and often operate at power factor as low as 0.75. 

There are four main categories of consumers: domestic, commercial, industrial and 
agricultural (irrigation pumps). The kWh consumed by the first three categories are 
metered and they are charged on a per kWh basis, while agricultural consumers are not 
metered and they pay on a flat rate basis (Rs 1,750//HP/Annum). Since agriculture pumps 
are not metered, there is no data available on their annual power consumption and it is 
estimated by sample metering. 
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Figure 1 Single line diagram of 110/11 KV sub-station Ullikkottai in Thiruvarur district, 
Tamilnadu (peak demand 18 MW) 

 

Table 1 Details of the Ullikkottai 110/11 kV sub-station 

Substation transformer 110/11 kV, 20 MVA 
Total number of feeders 5 
Peak load 18 MW 
Transformers in the feeder 25 KVA, 63 KVA, 100 KVA 

4.2 Proposed system 

This proposed method places the DG based on DG current usage maximisation and 
reduction of current sourced from grid for power loss improvement. The intention is to 
introduce an approximation method that will identify the size of DGs and the optimal 
location based on maximisation of what is called PLR value. Generally, losses associated 
with active current in single-source radial networks cannot be minimised as the source 
has to supply all the active power. However, if DGs are placed in the network, the active 
branch current sourced from the single source is reduced due to the active current from 
the DG that balances the demand. The consequences are loss reduction due to current 
reduction sourced from the single source (main feeder) improved power factor and 
voltage profile. The PLR is, therefore, the difference between loss associated with active 
current when with out DG and when with DG is connected. Thus, the value of the power 
losses and the DG current that gives maximum loss reduction are as in equations (1) and 
(2), respectively 
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However, significant loss reduction will occur at the feeders with DG connection. Thus, 
the new total power loss in the network with the DG connection is as expressed in the 
following equations 
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where J = 1 is for feeder with DG, otherwise J = 0. Therefore, the PLR value with DG 
connection at bus ‘i’ is: 
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Equation (7) is the objective function that maximises power losses reduction value in the 
network. The optimisation method that uses PSO is developed based on a computational 
technique as extensively discussed in Roozbehani (2012). The real power losses was 
randomly generating in an initial population of particles with random positions and 
velocities in the solution space. Each of the particles is subjected to constraints specified 
while running the power flow in order to calculate the power losses. The AC load flow 
study also conducted to find the power quality. 

4.3 AC load flow study 

The approach is to conduct a three-phase AC load flow analysis for this feeder using the 
Gauss-Seidel algorithm (Karajgi and Udaykumar, 2012; TNEB, 2013). It was first carried 
out a base case scenario (without DG) to obtain the voltage profiles, distribution losses 
and then considered the impact of a DG installed in the feeder. 

For simplicity, the following assumptions are made (Table 2): 

• Online load: This is defined as the fraction of sanctioned load that is connected at 
any instant. This is varied between 0.40 and 0.8, parametrically. 

• Power factor: The load power factor is not known and we varied it parametrically 
between 0.7 and 0.90. 

• Theft is defined as the fraction of online consumption that is unauthorised. We have 
fixed this at 14% of the online load. 

• Transformer losses: We have ignored the losses in each of the transformers because 
of non-availability of data. 

• DG unit is capable of supplying power at both leading and lagging power factors. 
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Table 2 Assumptions for the three-phase AC load flow analysis 

Variable Value or range 
Online load 40%–80% of the sanctioned load 
Theft 14% of online load 
Power factor 0.70–0.90 lagging 

5 Results 

5.1 Voltage and distribution losses 

5.1.1 Current system 

Figure 2 shows the current system the decentralised power generation source placed in 
the beginning of the feeder, i.e., at sub-station the calculated distribution losses as a 
function of the power factor under moderate loading condition of 60% with 14% theft. 
Depending on the power factor, the technical distribution losses are between 8.5% and 
12.5%. In most rural feeders, the power factor is 0.75–0.8 and therefore, distribution 
losses are likely to be at least 10% under normal loading conditions. The commercial 
losses including theft were assumed to be 14% and hence the total losses (or unaccounted 
energy) in the feeder are 20%. When adding the technical transmission losses, estimated 
over 9%, it was see that the total losses are unacceptably high (30%). One contribution of 
this study is therefore to quantify the technical distribution losses for rural feeders from 
first principles, something not shown in publications before. Figure 3 shows the daily 
load (MW) and reactive components (MVAR) of the system under study. 

Figure 2 Shows the voltage profiles (per unit basis, or pu) of the common bus under heavy load 
conditions (75%) with the power factor varying between 0.75 and 0.9 (see online 
version for colours) 
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Figure 3 Daily MVAR and MW of 110/11KV Ullikkottai sub-station (see online version  
for colours) 

 

5.1.2 Proposed system 

Now, we consider the impact of a decentralised generator located in the middle of the 
feeder 1. 

Figure 4 shows the impact of a decentralised power generation source placed in the 
feeder at Bus # 60. The choice of the bus was made on the basis of it being centrally 
located in the feeder, and almost equidistant from all the branches. The generator power 
varied from 0 to 4 MW with a power factor of unity. As expected, the voltage profiles 
improve considerably throughout the feeder. For most of the buses, even with just a 1 
MW plant, the voltages fall within acceptable norms. The same effect is also seen when a 
bank of capacitors is installed, which supplies only reactive power. Reactive power is 
therefore very important for voltage support in the context of rural feeders that have low 
power factors. This becomes relevant in the following sections as the generators could 
also act as sources of reactive power. 

The voltage of the system under study will increased and reactive components 
reduced when the DG is connected in the feeder 1, i.e., 11 KV Ullikkottai feeder. Hence, 
the feeder load is 5.6 MW. When we connect 3 MW DG in the feeder is optimum to 
maintain the feeder voltage and reduce the reactance within the accepted level. 

Figure 5 shows how the distribution losses reduced from 13 % to 12 % when the DG 
is connected in appropriate location. 
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Figure 4 Impact of a decentralised generator placed in various feeders (see online version  
for colours) 

 

Notes: The generator is varied from 1 MW to 3 MW. Online load is 60%, power factor 0.8. 

Figure 5 Technical distribution losses (I2R) in the feeder under moderate loading of 60%  
without DG and with DG as a function of the overall power factor (see online  
version for colours) 
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Figure 6 Real power loss vs. bus 

 

Figure 7 Reactive power loss vs. bus 

 

The following simulated graphs (Figure 6 to Figure 10) show the changes in voltage 
profile, active power loss, and reactive power loss for the three varied cases of 
investigation. It is seen from the below graphs that the voltage profile is improved in the 
case where DG is placed at the middle of the feeder. Likewise, P loss and Q loss are 
minimum when DG is placed at the middle of the feeder. All these throws light upon the 
fact that placement of DG at the middle of the feeder is the best option when compared to 
the rest. 

Therefore, appropriate sizing and locating a decentralised generator improves the 
quality of power supplied to the feeder and also reduces the distribution losses. Using 
photovoltaic generation and wind power, other researchers have reported similar results 
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that reduce distribution losses (Caisheng and Nehrir, 2004). The above discussion 
suggests that DG close to the rural load centers benefits both the local consumers 
(improved power quality) as well as the utility (lower losses) and helps to reduce peak 
demands. It opens the possibility of creating rural micro-grids, or regions of stable and 
good quality power supply within the utility’s network. Rural electricity cooperatives can 
be formed at a district level, wherever decentralised generation is possible. In this 
context, biomass and natural gas-based distributed generators can play an important role. 
The farmers get paid for the biomass they supply to the power plant and in return, they 
pay for the power consumed. 

Figure 8 Bus voltages in the three cases 

 

Figure 9 Distribution loss vs. power factor 
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Figure 10 Voltage vs. power factor 

 

6 Conclusions 

In this real-time study, we examined the opportunities for distributed power generation in 
rural Tamil Nadu, India. The results obtained show that power losses of the system are 
considerably reduced and the power quality enhanced by finding optimum location of a 
decentralised power generator. There is a significant improvement in the voltage profiles 
and reduction of technical distribution losses, increasing reliability and also found 
solution to practical problems. This creates a possibility of setting up rural micro-grids or 
rural electricity cooperatives with gas-based and non-conventional power generators. 
From the experimental and practical implemented proposed system, clearly identified that 
the percentage reduction in line loss, and voltage improvements were achieved. 

The paper has plenty of room for future works. Our study is limited to only in  
Tamil Nadu state in India. In future work, our study will be expanded to all states in India 
using the above techniques to reduce the line losses and improve the power quality in 
whole country and increase the revenue of the utilities. Since the power factor is 
improved using DG in the middle of the feeder, current drawn will be reduced 
considerably thereby creating opportunities for conductor copper savings. This can be 
quantified in terms of accurate statistics and the percentage savings can be tabulated. 
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Abstract: The energy access status of urban poor in Dhaka is low inspite of 
being in an urban setting where the physical availability of modern energy like 
electricity and natural gas is prevalent. A demand-based approach of estimating 
energy poverty showed that more than one third of population in Dhaka slums 
are poor and a monthly minimum 2.38 kgOE of useful energy is needed per 
person to sustain their basic needs. However, the distribution of income and 
energy poor reveals that not all energy poor are income poor and vice versa, 
and there are more income poor than energy poor in the community. A closer 
look at the energy consumption pattern shows that the energy consumption of 
both energy and income poor are heavily reliant on traditional energy sources 
with minimal usage of modern energy. Adequate access to modern energy 
plays an important role in addressing energy poverty as well as income poverty. 
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1 Introduction 

Universal access to clean and affordable energy services is a key challenge in Bangladesh 
and there is an urgent need to extend the amenities of modern energy services (UNDP, 
2007). Dhaka, the capital city of Bangladesh, with an estimated 37% of its total 9 million 
population (2005) living in slums (CUS, 2006) has seen an unprecedented growth of 
informal settlements where the dwellers mostly live below the poverty line in terms of 
low living standards, productivity and basic services (Mohit, 2012). Delivery of public 
services like water and electricity is limited in the slum areas due to their illegal housing 
status as well as lack of explicit policies, laws and regulations to provide services to the 
poor (World Bank, 2007). 

Poverty now is growing faster in urban than in rural areas (UNFPA, 2007), 
particularly in slum/squatter settlements which are the spatial manifestations of poverty 
in cities (Hossain, 2008). In developing countries, the combination of high population 
density, poverty and limited resources favours the rapid growth of slum areas in the cities 
(UN-HABITAT, 2003). Although many characteristics of urban poverty are linked to 
energy and its services, studies on the relationships between these are scarce. 
Understanding the linkage between energy access and poverty can inform how energy 
access and consumption can be used for poverty measurement in order to reflect a general 
level of human well-being and reality of poor in a more accurate and dynamic way 
(Pachauri et al., 2004). Comprehending the linkage also has policy implications as it 
helps in understanding the role policies play in reducing income poverty as well as 
energy poverty (Khandker et al., 2012). 

Access to modern energy is central to fostering socio-economic growth and achieving 
sustainable development (Bast and Krishnaswamy, 2011; Bhanot and Jha, 2012). 
Globally, approximately 1.4 billion people lack access to electricity and 2.7 billion 
people depend on solid fuels for their cooking needs, mainly residing in least developed 



   

 

   

   
 

   

   

 

   

   272 M.S.H. Lipu et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

countries and Sub-Saharan African countries (UNDP and WHO, 2009). Greater energy 
inputs and access to energy services are necessary to achieving all of the Millennium 
Development Goals (MDGs) (Modi et al., 2005). Lack of modern energy services, 
particularly household access to electricity and clean cooking facilities contributes to 
energy poverty (OECD/IEA, 2010). Inadequate modern energy access, in addition to 
insufficient access to other services and assets, affects productivity and income 
generating opportunities of the poor which would lead to poverty (GEA, 2012). Access to 
electricity and to modern cooking energy, such as improved biomass cookstoves and 
LPG, contributes to economic development and to reducing income poverty and hunger, 
improving education and health (IIASA, 2012). 

The understanding of energy access status and estimating energy poverty and 
contribution of modern energy in reducing energy poverty could provide a base for future 
decisions on energy related plans for the poor in Dhaka. A better understanding of energy 
poverty can inspire the design and development of pro-poor policies that can influence 
energy access and pricing of modern energy services to reduce energy poverty (Khandker 
et al., 2012). Therefore, this paper aims to assess the energy access status of urban poor in 
Dhaka and understand the level of energy poverty. The research also identifies the key 
issues to improve energy access and explains the significance of modern energy in 
decreasing energy poverty. Specifically, we try to answer the following: 

• What is the current status of energy access in the urban poor households of Dhaka 
city? 

• What is their energy poverty level, i.e., the minimum threshold of energy required to 
sustain their life? 

• What are the options to improve energy access and how modern energy can help to 
reduce energy poverty? 

The paper is organised as follows: The methodology section describes the procedure used 
to address the research questions of the study. Section 3 presents the analysis of energy 
access status and energy poverty level of the Dhaka slums. Section 4 elaborates the 
options to improve energy access and Section 5 discusses the importance of modern 
energy access. 

2 Methods 

2.1 Assessing the energy access status 

The study is based on household surveys conducted in the slum areas (known as Thanas) 
of Dhaka city. The household surveys were undertaken during November–December 
2012, along with formal and informal interviews with slum leaders and key informants. 
The survey requested information on household size and structure, energy use pattern, 
appliances, and total and energy related income and expenditure. 

Four Thanas namely, Gulshan, Pallabi, Hazaribagh and Shaympur were selected for 
the survey as they are the largest slum communities of Dhaka considering population, 
area and the number of year’s people living there. As the total number of households in 
these four Thana was 61,480 (CUS, 2006), the sample size1 for the survey was 
determined to be 180. Table 1 gives the number of households of the selected Thanas and 
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the sample size for each Thanas for this study. Under each Thana, there are some slum 
communities. Slum community refers to a group of people living in a same place, having 
some common interests and characteristics. The sample households in each slum 
community were selected by random sampling2 using information on slum ID along with 
address, map and the number of households, and the first 180 samples were chosen for 
the survey. 
Table 1 Number of houses and sample size of Thanas in Dhaka city for the survey 

Thana Community No. of households Sample size 

Gulshan Korail 20,840 61 
Pallbi Baunia Badh 17,840 52 
 Bihari Camp   
Hazaribagh Beri Badh Balur Ghat 12,000 35 
 Lau Tola Balur Ghat   
 Rayer Bazaar Boddho Bhumi (front)   
 Rayer Bazaar Boddho Bhumi (behind)   
 Rayer Bazaar Boddho Bhumi (east)   
Shaympur Nampara Soba Potti 10,800 32 
 Rail Road Bastee   

Total  61,480 180 

The information from the survey was used to analyse the energy access status of the slum 
areas, in terms of type of fuels used, level of access, and expenditure for lighting and 
cooking purposes in the households as explained in Section 3.1. 

2.2 Estimating energy poverty 

Energy poverty is a multidimensional term (Pachauri et al., 2004; UNDP, 2011) and there 
are several approaches to measure it. According to Modi et al. (2005), energy poverty 
occurs when households lack the minimum amount of energy required to carry out basic 
needs like cooking, lighting and other essential services. The minimum energy needs 
correspond to about 50 kilograms of oil equivalent (kgOE) of annual commercial energy 
per capita – approximately 40 kgOE per capita for cooking and 10 kgOE used as fuel for 
electricity. However, a more recent study sets minimum standards for total energy access, 
comprising of 300 lumens of minimum lighting at household level and 1 kg wood fuel or 
0.3 kg charcoal or 0.04 kg LPG or 0.2 litres of kerosene or ethanol per person per day, 
taking less than 30 minutes per household per day to obtain, including minimum 
standards for other energy services like cooling, heating, etc. (Practical Action, 2010). 

Boardman (2012) defines fuel poverty in terms of low income, fuel prices and energy 
efficiency. Another approach proposed by Foster et al. (2000) measures energy poverty 
as the level of energy used by households that are below the expenditure or income 
poverty line. This approach is straightforward to calculate with a household energy 
survey because the expenditure poverty line is well defined for most of the countries. 
When expressed in relation to affordability, energy poverty (fuel poverty) is also 
calculated by setting threshold energy expenditure in relation to income, usually at 10% 
(Moore, 2012). Similarly as defined by The European Partnership for Energy and the 
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Environment (EPEE) (2008), a household is considered to be under fuel poverty if it 
would need to spend more than 10% of its income to achieve adequate energy services in 
the home, including reaching particular temperature standards. However, this definition is 
not readily applicable to other countries considering the variation in climate, heating 
method and income. An alternative framework consisting of twin indicators is defined by 
Hills (2012) to measure fuel poverty in England, using the low income high costs (LIHC) 
Indicator that measures the extent of fuel poverty and a fuel poverty gap to measure its 
depth. LIHC indicator uses fuel poverty to define those who spending high price in 
consuming fuel, but have less income. The method defines a household as fuel poor if the 
required fuel costs are above the national median level. The main causes of fuel poverty 
are found to be dwelling characteristics, household characteristics and the prices paid for 
the energy. 

Energy poverty is also measured by the means of assessing energy consumption  
in a broader, aggregate level. This approach uses indices like Energy Indicators for 
Sustainable Development (EISD), Energy Development Index (EDI), Energy Poverty 
Index and other composite indices (IAEA, 2005; OECD/IEA, 2010; Nussbaumer et al., 
2012), derived from a number of other variables that represent the aggregated value of a 
dimension, in order to capture multidimensional aspects of an issue that may not be 
depicted in a single indicator. 

A more comprehensive framework for measuring energy access, which has been first 
proposed in the Sustainable Energy for All (SE4ALL) global tracking framework 
identifies eight energy access criteria that are assessed in order to rank a household’s 
level of energy access on a five tier scale. The criteria includes capacity, duration and 
availability, reliability, quality, affordability, legality, convenience, and health and safety. 
The approach makes it possible to compute a weighted index of access to energy for a 
given geographical area. The method not only focuses on multi-tier measurement of 
energy access for households, but also for productive enterprises, and community 
institutions which will extend the application of the new approach (ESMAP, 2014). 

We used demand-based approach to estimate energy poverty as devised by Barnes  
et al. (2011). This is similar to the approach used by the World Bank (2005, 2000) to 
estimate absolute poverty levels. This approach defines energy poverty in terms of energy 
poverty line as the threshold point at which energy consumption begins to rise with an 
increase in income. The underlying assumption is that energy poverty is the point at 
which minimum threshold of energy (from all sources) is needed to sustain life. Above 
the threshold, energy consumption increases with increased income which contributes to 
greater welfare and economic well-being. Below the threshold, people are energy poor, as 
even if the income increases, energy consumption does not increase as it is the bare 
amount necessary to sustain daily life. 

We estimated the energy poverty in the slum areas of Dhaka by considering useful 
energy (also considered by Pachauri et al., 2004; Barnes et al., 2011), since focusing only 
on total energy may not give the actual energy consumption of households. The energy 
consumption in the residential sector is dependent on the structure, behaviour and 
technical efficiency of the system, such as dwelling area, number of heating system and 
saturation level of appliances (Haas, 1997). To convert useful energy from end use 
energy, it is important to consider the fuel type and efficiency of end use appliances. For 
example, firewood used in the traditional cook stove has 15% efficiency; but an in 
improved stove its efficiency could be 25%. For lighting, kerosene is burnt in traditional 
Kuppi or hurricane which has very low end use efficiency of 15%. The conversion of 
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final energy from electricity is usually high and a value of 95% is considered as end use 
efficiency (O’Sullivan and Barnes, 2006). 

Based on the data obtained from the household surveys, the energy poverty was 
estimated using the following equation (Barnes et al., 2011): 

.e e e e e e
sij ij ij ij sj sijE X γ Y δ S ρ P ε= + + + + +α β  (a) 

where 

Esij energy consumption of ith household of jth community from sth source 

Xij household characteristics (e.g., household head age, gender, education, etc.) 

Yij income of the ith household of the jth community 

Sij slum characteristics of the ith household of the jth community  
(e.g., infrastructure variable, house type) 

Psj energy price of sth type of the jth community 

βe, γe, δe, ρe parameters to be determined 
e
sijε  unobserved random error. 

The analysis of energy poverty is given in Section 3.2. 

2.3 Understanding the linkage of energy access and poverty 

The relationship of energy access and poverty has been studied based on the survey 
conducted in the slum areas, interviews with the slum leaders and key informants, and 
direct observations. Comparison of energy consumption pattern of energy poor and 
income poor was done with attention to those characteristic that make them susceptible to 
being poor. The determinants and implications of energy poverty are discussed in  
Section 3.3. 

3 Results 

3.1 Energy access status of urban poor in Dhaka 

As lighting and cooking are the major uses of energy at the household level, we briefly 
present the status of energy access in slum areas of Dhaka in terms of types of fuels used, 
levels of access and fuel expenditures for only lighting and cooking applications in the 
following sub-sections. 

3.1.1 Energy for lighting 

The survey indicated that electricity is the primary source of lighting in the households in 
the slum communities with an average level of electricity access of 90.3% as shown in 
Figure 1. 

Dhaka Power Distribution Company (DPDC) and Dhaka Electric Supply Company 
(DESCO) are responsible to provide electricity services in the slum areas. Usually in the 



   

 

   

   
 

   

   

 

   

   276 M.S.H. Lipu et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

slum communities, the utility companies do not get involved directly. A local leader 
called Maastan takes the responsibilities and acts as an intermediary between service 
provider and slum dwellers. Slum households are electrified either by a shared electric 
metre or a pole electric metre. To sanction an electric metre, a high deposit amount is 
required. The amount may be lower or higher and it depends on the location and load 
requirement. The pole electric metre is authorised under the name of slum 
representative/area committee/Maastan. There are two types of payment methods for the 
slum dweller for the electricity consumption: based on agreed sum or based on equipment 
type. Some slum dwellers (16%) pay electricity based on an agreed sum where electricity 
bill, house rent and other charges are totalled for a pre-agreed fixed amount mainly paid 
to the house owner. The majority of the slum dwellers (84%) pay a fixed amount for 
electricity depending on the type of appliances used. However, the electricity expenses 
not only depend on equipment type, but also on the duration of use and the device 
efficiency, and differ depending on the slum community (as shown in Table 2). 
Normally, slum dwellers use light and fan for 10 hours and TV for 5 hours in a day. 

Figure 1 Use of electricity for lighting in the slum households (Thanas) of Dhaka city (see online 
version for colours) 

 

Figure 2 Households using different energy sources for lighting 
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Table 2 Unit price* (BDT) for use of electrical equipment in slum areas, Dhaka city 
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During load shedding hours and in the households not connected to electricity supply, 
kerosene is the main fuel for lighting (a traditional wick lamp) as shown in Figure 2. Few 
households also use rechargeable batteries, candles and diesel generators (only in 
Hazaribargh Thana) for lighting. 

3.1.2 Energy for cooking 

The survey also showed that firewood is the primary fuel used by the majority of the 
slum households followed by natural gas. Wood residues, leaves and branches, and 
kerosene were also used by some households, but none used LPG for cooking. The 
availability of the fuel in the community also affected the household’s choice of fuel for 
cooking. For example, Gulshan Thana had the highest access to natural gas connection 
compared to Pallabi Thana where the use of firewood was predominant for cooking 
(Figure 3). Wherever available, natural gas was preferred by slum households as it was 
the cheapest fuel. For example, Korail slum community under Gulshan Thana had the 
highest access to natural gas connection. Slum dwellers in this community prefer natural 
gas over firewood. Out of 60 households surveyed in this community, 36 households 
(60%) used gas and 24 households (24%) used firewood for cooking. On the other hand, 
usage of kerosene was less for cooking purpose due to its high price. 

Figure 3 Households using different fuels for cooking 

 

3.1.3 Energy expenditure and useful energy 

The household energy use pattern and expenditure for lighting and cooking in the slums 
of Dhaka is shown in Table 3. 

The primary fuel for lighting is electricity and the average monthly expenditure for 
electricity is 557 BDT (6.84 USD) which accounts 28% of total energy expenditure. 
Households without access to electricity and during load shedding hours use kerosene, as 
a backup fuel. Therefore, the average kerosene cost is lower than electricity cost. Slum 
households in Dhaka rely largely on firewood for cooking. The monthly average 
consumption of firewood is 117 kg, which accounts 1,170 BDT (14.37 USD). About 32% 
of slum households use natural gas for cooking and their average monthly expenditure is 
109 BDT (1.34 USD) which is ten times lesser than that of firewood. In terms of useful 
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energy content, natural gas has the highest useful energy followed by firewood, 
electricity and kerosene. But, in terms of energy cost, firewood constitutes about 59% of 
total energy cost which is the highest compared to other fuels. 
Table 3 Household energy expenditure of major fuels for lighting and cooking 

Lighting Cooking Energy use 
Electricity Kerosene 

 
Firewood Natural gas 

Household users (%) 90.30 9.70  68 32 
Unit costa 10.50 67  10 5.20 
Quantity usedb 53 2  117 21 
End use energy (kgOE/HH/month) 4.54 1.57  39 19 
Useful energy (kgOE/HH/month)c 4.32 0.24  5.85 11.40 
Share of total energy (%) 19.80 1.08  26.83 52.29 
Energy cost (BDT/HH/month)d 557 134  1,170 109 
Price paid (BDT/kgOE/month) 128.95 568.48  200 9.58 
Share of total expenditure (%) 28 7  59 6 

Notes: aElectricity (BDT/kWh), kerosene (BDT/litre), firewood (BDT/kg) and  
natural gas (BDT/m3) 
bkWh for electricity, litre for kerosene, kg for firewood, and m3 for natural gas 
cUseful energy consumption (kgOE/month/HH) = estimated monthly consumption 
× calorific valuea × efficiencyb 
dMonthly energy cost (BDT/HH/month) = unit cost × estimated monthly 
consumption. 
Calorific value: firewood = 14 MJ/kg, charcoal = 25 MJ/kg, LPG = 46 MJ/kg, 
kerosene = 33 MJ/litre, natural gas = 37 MJ/m3 (United Nation, 1987) 
Efficiency: Firewood used in a traditional open-fire mud stove has a 5% 
efficiency, charcoal has 20% efficiency, end-use efficiency of electricity is taken 
as 75%, kerosene has 35% efficiency, natural gas has 60% efficiency respectively 
(O’Sullivan and Barnes, 2006). 

3.2 Estimation of energy poverty 

The energy poverty was estimated using household energy demand considering useful 
energy using regression analysis as shown in equation (a). In the equation, the major 
independent variables determining the energy consumption of the households include 
range of factors at the level of the household (age, education), community (slum 
characteristics based on housing types and access to modern energy, and price of fuels) 
and household income. Table 4 presents the values assigned to the independent variables 
considered for the equation based on the survey. 

The regression analysis3 showed that the age of the household head, type of 
household and accesses for natural gas were the most significant factors (at 1% 
significance level) contributing to energy use. 

• Age had a significant relationship with energy consumption, and when the average 
life increased (by 1%) the per capita monthly energy consumption decreased  
(by 0.09 kgOE). 

• Type of houses had a significant positive correlation with energy consumption as the 
urban poor who lived in Semi-pucca house (house where floors and wall are made up 
of bricks and cement and the roof is of wood and corrugated iron (CI) sheet) were 
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found to consume more energy than the poor who live in Kutcha (house made of CI 
sheet and wood) or Jhupri (house made of materials like bamboo, clay and 
polyethylene) type house. 

• Natural gas showed strong relationship with energy consumption as it delivered more 
useful energy than firewood burnt in traditional cook stoves. 

Table 4 Estimation of household energy use of urban poor in Dhaka by linear regression 

Independent variables Dependent variable for  
regression analysis 

Variables Type Average 
value 

Regression  
coefficients t-statistics 

Household characteristics     

• Age of household head Quantitative  
(years) 

49 –0.087*** –3.923 

• Sex of household head Qualitative 
(male = 1, female = 0) 

0.96 0.995 1.249 

• Years of schooling in  
household males 

Quantitative (years) 5.64 0.212 1.446 

• Years of schooling in  
household females 

Quantitative (years) 3.62 0.009 0.039 

Household income     

• Average per capita  
monthly income 

Quantitative 
(BDT/capita/month) 

1,390   

Slum characteristics (housing  
type and access to energy) 

    

• Kutcha type house Qualitative 
(yes = 1, no = 0) 

0.75 1.061** 2.498 

• Semi-pucca type house Qualitative 
(yes = 1, no = 0) 

0.03 3.129*** 3.715 

• Access to electricity Qualitative 
(yes = 1, no = 0) 

0.9 0.835* 1.666 

• Access to natural gas Qualitative 
(yes = 1, no = 0) 

0.3 3.151*** 8.340 

Energy price     

• Price of firewood Quantitative 
(BDT/kg) 

7.82 –0.194* –1.872 

• Price of kerosene Quantitative 
(BDT/litre) 

67.89 0.003 0.642 

R2 = 0.707**** 

Notes: A dummy variable (n – 1) has been considered for house type, therefore only two 
types (3 – 1 = 2) of houses – kutcha type and semi-pucca type were considered. 
A t statistics value greater than 1.65 implies 10% statistical significant, greater 
than 1.97 implies 5% statistical significant, greater than 2.59 implies 1% statistical 
significant. 
*Correlation significant at 10%, **Correlation significant at 5%,  
***Correlation significant at 1%. 
The value of R2 indicates that the independent variables all together explain about 
70% of the variability of energy consumption. 
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Table 5 Income decile and useful energy consumption 

Regression analysis Useful energy (kgOE/capita/month) 
Per capita  
income decile Regression  

coefficient t-statistics Electricity Firewood Kerosene Natural 
gas Total 

First   0.1833 0.1833 0.0300 0.3478 1.4404 

Second 0.244 0.352 0.3050 0.3050 0.0328 0.9278 2.1890 

Third 0.348 0.498 0.3628 0.3628 0.0494 0.9856 2.3850 

Fourth 1.530** 2.148 0.8989 0.8989 0.0600 1.2340 3.2362 

Fifth 1.575** 2.201 0.7656 0.7656 0.0300 2.4356 4.3822 

Sixth 1.851** 2.530 0.9550 0.9550 0.0211 3.1300 5.2917 

Seventh 1.705** 2.385 1.0120 1.0120 0.0739 3.1300 5.5309 

Eighth 2.343*** 3.165 1.2130 1.2130 0.0583 3.1300 5.7169 

Ninth 1.942*** 2.601 1.3522 1.3522 0.0322 3.4778 6.8578 

Tenth 3.043*** 3.572 1.9372 1.9372 0.0256 3.1883 7.7950 

Notes: A dummy variable (n – 1) has been considered for house income decile. Total 
number of income decile is 10, therefore (10 – 1) = 9 regression coefficient values 
were calculated. 
t value greater than 1.65 implies 10% statistical significance, greater than 1.97 
implies 5% statistical significance, and greater than 2.59 implies 1% statistical 
significance. 
**Correlation significant at 5%, ***Correlation significant at 1%. 

The underlying assumption of this method (Barnes et al., 2011) is that the energy 
consumption remains stable at the lowest income group before it starts increasing with 
income, and that a minimum level of energy consumption is called energy poverty line. 
We, therefore, organised the per capita monthly income of the urban poor according to 
their income and divided them into ten groups of equal size so that each decile has 10% 
of households. Considering a sample of 180 households in this study, each decile has  
18 households. The t-statistics show that there is no significant relationship between 
income and energy consumption up to third income decile (Table 5). But, starting from 
the fourth income decile, energy consumption was observed to have a significant positive 
correlation with income. Thus, energy consumption up to the third income decile was 
considered the absolute minimum energy required to meet minimum basic needs for 
lighting and cooking, which was noted to be 2.38 kgOE/capita/month of useful energy. 
Plotting the total energy consumption (useful energy) considering all the fuels 
(electricity, firewood, natural gas and kerosene) against the monthly income (as shown in 
Figure 4) have also shown that minimises energy consumption lie in third decile 
corresponding to the value of 2.38 kgOE/capita/month. The value compares well with 
other studies which showed that the per capita monthly energy poverty based on useful 
energy was 3.4 kgOE and 2.3 kgOE respectively for rural and urban India (Khandker  
et al., 2012) and 2.6 kgOE for rural Bangladesh (Barnes et al., 2011). 
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Figure 4 Trend of household’s per capita end use and useful energy consumption by per capita 
income decile (see online version for colours) 
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3.3 Energy access and poverty 

Several studies have shown that energy poverty is closely correlated with income level 
(Karekezi, 2002; Brunner et al., 2012; Urge-Vorsatz and Herrero, 2012). Less affluent 
households often live in poorer quality housing and have fewer budgets to spend on 
energy (including other goods and services) (Urge-Vorsatz and Herrero, 2012). Income 
level not only affects the choice of dwelling, but also household equipment and 
appliances, which impacts the energy behaviour of the poor and energy poverty of the 
household (Brunner et al., 2012). 

Therefore, to find the linkages of energy access with poverty in the slum areas of 
Dhaka, we also estimated the number of income poor and energy poor based on poverty 
headcount for income and energy. The headcount measure estimates the number of 
samples of population that lie below the poverty line or who do not have access to 
minimum energy consumption. The percentage of those lying below the poverty line 
from total population indicates the degree of poverty (Srivastava et al., 2012). For energy 
poor, we counted households with consumption below the minimum useful energy 
(which is 2.38 kgOE/capita/month) and for income poor we counted the households 
below the poverty line of Dhaka (1,270 BDT in 2010, i.e., 15.6 USD). The results 
indicate that 56.1% of the urban poor were income poor earning less than  
1,270 BDT/capita/month and 38.3% of them were energy poor, consuming less than  
2.38 kgOE/capita/month. 

We then distributed the income poor and energy poor in slum areas of Dhaka into 
four quadrants as shown in Figure 5. The four quadrants are: 

• Q1 representing households who are income non-poor and energy non-poor 

• Q2 representing households who are income poor and energy non-poor 

• Q3 representing households who are income poor and energy poor 

• Q4 representing households who are income non-poor and energy poor. 
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Figure 5 Distribution of income poor and energy poor in slum areas of Dhaka (see online version 
for colours) 
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Note: Values of rural Bangladesh obtained from Barnes et al. (2011) and that of rural and 
urban India obtained from Khandker et al. (2012). 

The values of minimum income and minimum energy consumption were taken to gauge 
income poverty and energy poverty respectively. The size of the bubbles in each quadrant 
represents the percentage of each category. Some interesting observations emerge as: 

• Quadrants Q1 and Q3, which include almost three quarters of the total sample 
population, indicate some linearity with income and energy access, i.e., income poor 
are also energy poor and income non-poor are also energy non-poor. High income 
can contribute to improved modern energy consumption and low income implies low 
level of modern energy consumption (Karekezi, 2002). 

• Sum of Q2 and Q3 includes all the income poor and sum of Q3 and Q4 includes all 
energy poor, implying there are more households which are income poor than 
households that are energy poor in terms of useful energy consumption. 

• Quadrants Q3 + Q4, i.e., the energy poor, imply that as more than one third of the 
sample population (38%) are energy poor. This is a high amount in an urban setting 
where physical access of modern energy sources such as electricity and natural gas is 
prevalent, compared to rural areas. 

• Quadrants Q2 with a share of 22% reveals that though income poor, these set of 
households are not energy poor from the perspective of useful energy consumption. 
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• Comparing the energy and income poverty of slums in Dhaka with that of rural and 
urban India (Khandker et al., 2012), it can be seen that urban poor demonstrate the 
characteristics of both urban and rural setting. For example, similar to urban India, 
the energy poverty closely links to income poverty and the gap between income 
poverty and energy poverty is relatively smaller in Dhaka slums. However, there are 
more income poor in Dhaka slums than urban or rural India, where energy poor are 
more. 

• As suggested by Srivastava et al. (2012), the ideal goal would be to facilitate 
transition towards Q1 (i.e., income non-poor and energy non-poor) and the distances 
to be traversed by each household to move to Q1 vary significantly, requiring both 
upward movement (income non-poor) and movement towards the right (energy  
non-poor). 

In order to identify what distinguishes poor with non-poor in terms of energy use, we 
looked at their energy (fuel) consumption pattern. As shown in Figure 5, the total energy 
consumption of non-poor (energy and income) is not only higher than the poor but also 
the type of fuels used are different. The energy poor consumed 1.47 kgOE of useful 
energy monthly which is four times lesser than the energy non-poor (6.35 kgOE), and the 
income poor consumed 2.94 kgOE of useful energy monthly which is two times less than 
that of income non-poor (6.46 kgOE). The fuel that separates poor from non-poor is the 
higher use of modern fuels like electricity and natural gas. Use of modern energy like 
electricity and natural gas is on average three times more in both energy and income, 
non-poor compared to their poorer counterparts. The energy use of the poor is clearly 
dominated by traditional fuel like firewood within a minimal use of modern energy. 
Similarly, access to modern energy is the key feature of energy non-poor. 

4 Key issues and options for increasing energy access 

Though the surveyed slum households in Dhaka have very high electricity access 
(90.3%), they have been suffering from limited access to electricity supply in terms of 
affordability, availability and reliability. In terms of cooking fuel, natural gas is not 
available in all the slum areas. Urban poor use firewood in the absence of natural gas, 
which accounts 59% of their monthly household expenditure and has lower useful energy 
share than natural gas, at only 27% compared to 52% for natural gas. The attempts that 
pursue energy access solely as an ‘end’ itself are insufficient (Bazilian et al., 2010). 
Instead a new approach that elevates energy access from a wide scope of development 
activities at international level, and framing and delivering it at part of energy policy at a 
national and regional level will be effective. An integrated approach (energy plus 
approach) that combines improved energy services with measures that generate cash 
incomes, productive use, or improve livelihoods allow sustainable access expansion and 
is likely to break the energy-poverty cycle (Nhete, 2007; UNDP, 2011). According to 
multi-tier approach developed by ESMAP (2014), access to energy is the ability to avail 
energy that is adequate, available when needed, reliable, of good quality, affordable, 
legal, convenient, healthy and safe, for all required energy services across household, 
productive and community uses. 
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4.1 Access to electricity 

To make the electricity affordable to the poor, a change of the current approach of 
electricity supply could be considered. It was observed that although the utility 
companies can provide electricity to the slum areas inspite of their illegal status, they 
were not directly involved with slum communities and instead worked through Maastans. 
The responsibility of utility company is restricted only to the sanction pole electric metre. 
Maastans then supply electricity to households from the pole electric metre at very high 
price, often based on equipment type. The utility companies could be made directly 
responsible for supplying electricity, billing and ensuring quality control. Urban poor 
should be charged on the basis of units consumed rather than equipment type, made easy 
by household metered connection. Lessons from the successful models of slum 
electrification programs (USAID, 2004) which include intermediaries such as NGOs, 
regularised wholesaler, community distribution company, etc., that works with the 
supplier to perform services such as payment collection, distribution system maintenance, 
could be considered to maintain the quality and reliability of services in Dhaka slums. A 
similar approach was also introduced in Salvador, where the service provider Companhia 
de Electricidade do Estado do Bahia (COELBA) subsidised the installation of new 
connections and the theft resistant electric metres and facilitated community registration 
into a social tariff program run by the government to further facilitate affordability 
(ESMAP, 2012). COELBA also worked to negotiate affordable payment plans with their 
low-income clients, particularly those who had payment defaults or outstanding debts. A 
combined approach of information and energy efficiency improvements, delivered by 
Community Agents, aided in reducing energy consumption bringing the energy bills 
under the affordability bracket of the poor households and avoiding non-payment. 
Supporting energy efficiency in the target urban poor communities also facilitated energy 
affordability in some cases. In Salvador, the appliance exchange was an initiative that 
helped overcome affordability issues faced in the community by helping them exchange 
energy inefficient appliances for newer ones that would result in less energy 
consumption. 

Technological options, such as use of prepayment electric metres, ready-boards, 
shield wires, community contribution in kind and relaxing of technical standards could be 
used to reduce the cost of supplying to poor communities (Nhete, 2007). The metered 
electricity connection would help the urban poor not only in reducing electricity bill but 
also create awareness about its careful consumption. As the renovation of slum 
infrastructure will require a long-term effective plan, the installation of prepaid electric 
metres could be an appropriate option. In South Africa, under the Integrated National 
Electrification Programme (INEP), prepaid electric metres were implemented with an 
objective to substitute ‘conventional’ credit metres to reduce the monthly costs (Bekker et 
al., 2008). At first, credit metres were hung on the external walls of residential buildings. 
But suspicion was raised extensively that the metres were accessed by unauthorised 
users. Hence, for security concern, prepaid metres were mounted inside dwellings. It gave 
consumers the opportunity not only to monitor the consumption of the appliances they 
used but also to reduce the problem of non-payment. 
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4.2 Access to LPG 

In case of cooking fuel in slum areas of Dhaka, as the availability of natural gas is 
currently frozen and none of the households use LPG, one option could be to make the 
transitional fuels like LPG affordable. Though Bangladesh Petroleum Corporation (BPC) 
sets the price of LPG for domestic usage, retailers do not maintain the official price. A 
12.5 kg LPG cylinder is sold at around 1,750 BDT (21.5 USD) in the local market 
through the BPC subsidiary rate is 850 BDT (10.40 USD), which means that consumers 
pay two times higher than the price set by BPC. Moreover, in order to have new LPG 
connection, 6,050 BDT (74.30 USD) is required, which includes the price of a cylinder 
(3,500 BDT, i.e., 43 USD), LPG gas (1,750 BDT, i.e., 21.5 USD), regulator (600 BDT, 
i.e., 7.35 USD) and pipe (200 BDT, i.e., 2.45 USD). A family consisting of five to seven 
members need two gas cylinders per month (which amounts to 3,500 BDT, i.e., 43 USD, 
only for refilling), higher than the cost of firewood and natural gas. Therefore, high 
upfront cost, lack of innovative pricing options and lack of targeted subsidies discourage 
the slum dwellers to use LPG as primary fuel for cooking. However, there are practices 
across the world designed to make LPG affordable to the poor. For example, the LPG 
program of Senegal was largely successful in making LPG accessible and affordable to 
the poor households. The large-scale introduction of LPG for cooking (called the 
butanisation program) was introduced mainly to reduce the high rates of deforestation 
caused by charcoal production for household usage. A cooking stove attached to small 
LPG cylinder and a more solid cooking stove better adapted to the cooking habits and 
income levels were introduced. Together with the exemption of custom duty to all  
LPG-related equipment and increases subsidy, all these dropped the retail price of LPG 
by 38% making it affordable to the urban poor (Fall et al., 2008). Currently, a standard 
cylinder size available for domestic use in Dhaka is 12.5 kg. A smaller sized cylinder 
weighing 3–5 kg, as prevalent in Bangkok (GNESD, 2013), could be introduced as 
smaller size cylinders are easy to handle, comes with stoves attached, therefore easily fit 
in the small rooms of urban poor, and are cheaper to purchase compared to standard 
cylinders. 

4.3 More productive uses of energy 

Energy access improvements should not only be targeted for providing basic energy 
services but also to facilitate productive uses of energy for the improvement of livelihood 
(Bast and Krishnaswamy, 2011). Promoting productive uses of energy is important to 
enhance the socio-economic development outcomes and to achieve financial viability of 
energy access interventions (GIZ, 2011). According to Kapadia (2004), stimulating 
productive uses can trigger achievement of three other goals: 

a maximise economic and social benefits – as access to reliable electricity and other 
modern energy can catalyse economic opportunities for poor in multiple ways 

b improve sustainability of energy access interventions – as access to modern energy 
increase productivity which augment income thereby increasing the demand of 
energy services and lead to economic sustainability of energy access interventions 
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c facilitate achievement of MDGs – as energy is essential input to many applications 
(e.g., lighting, production, communication, heating, processing, etc.) that leads to a 
variety of development impacts (e.g., improve health, enhance living standard, etc.), 
all of which are essential for achieving MDGs. All these require appropriate 
regulatory and institutional arrangements that allow fair and innovative energy 
access services to the poor. 

Universal access to clean and affordable forms of energy is possible only if the prevailing 
energy systems in developing countries and the associated policies are redesigned to 
ensure an emphatic pro-poor orientation (GEA, 2012). 

5 Access to modern energy 

The expansion of global access to modern energy presents significant opportunities to 
influence the sustainable use of energy in developing countries (IIASA, 2012). The 
importance of expanding energy access is underscored by the ubiquitous role of energy in 
achieving the MDGs (Modi et al., 2005; Karekezi and Majoro, 2012). More recently, 
access to modern energy4 has been a growing consciousness for the governments and 
development agencies, particularly since the SE4ALL was called upon by the Secretary 
General of the United Nations in 2012. The aim of SE4ALL is to achieve “universal 
access to modern energy services by 2030” (SE4ALL, 2012). The transition to modern 
energy use not only make impact to power the economic development, but also in 
reducing poverty alleviation (Cabraal et al., 2005). 

The research revealed that 38% of urban poor are energy poor whose energy 
consumption is controlled by high usage of firewood with a minimal use of modern 
energy. Making modern energy more affordable can be an effective solution to reduce 
energy poverty (Khandker et al., 2012). Although a considerable progress has been made 
to reduce energy poverty, still energy poverty reduction is a growing concern in the 
public policy agenda on sustainability (Pachauri and Spreng, 2011). The research clearly 
demonstrated that a switch from traditional energy to modern energy can lead to a 
reduction in number of energy poor in slum areas of Dhaka. For example, the urban poor 
who has the access to natural gas, consume more useful energy than firewood which help 
them to cross the threshold value (2.38 kgOE/capita/month) and bring them out of the 
energy poverty. 

The study discovered that around 56% urban poor can be considered as income poor 
whose monthly income is only 1,270 BDT/month (15.5 USD/month). There is a strong 
relationship between modern energy access and livelihood benefits. Modern energy 
access can allow households to engage in a more diverse range of income-generating 
activities as well as make pre-existing activities more efficient (WRI, 2009). The 
relationship between energy consumption and economic growth of a country has been 
discussed in a number of studies reflecting the interdependence and possible 
complementarities (Asafu-Adjaye, 2000; Lee and Chang, 2008; Ozturk et al., 2010). 
Several studies have shown the impact of modern energy access on socioeconomic 
development. A study by Rao (2013) on the impact of modern energy access (electricity) 
on household enterprise income in India showed an increased income effect of at least 
18% due to electricity access and the aggregate income impact across existing non-farm 
enterprises in India (with a supply of 16 hours a day) in the order of 0.1% of GDP. 
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Modern energy access has the potential to improve health indirectly, by providing 
cleaner fuel sources and reducing debilitating labour (WRI, 2009). The study found that 
firewood was the primary fuel used majority of the urban poor in slum areas of Dhaka. 
The firewood is burnt is traditional cookstove which emits a lot smoke. The inefficient 
combustion of solid fuels combined with inadequate ventilation contributes to poor health 
in many households. These high levels of indoor air pollution often result in decreased 
pulmonary function, particularly amongst women and children. According to the WHO, 
approximately 3.5 million premature deaths are attributable annually to indoor air 
pollution, making it the second largest environmental health risk factor in the world 
(WHO, 2012). Indoor air pollution is also responsible for 38 million disability adjusted 
lost years (DALY), where one DALY represents one healthy year of life lost by an 
individual due to disease or adverse health conditions, which in turn has numerous 
impacts on income generation, livelihoods and education (WHO, 2006). Furthermore, 
this dependency on biomass resources such as firewood and the lack of intermediary 
means of transportation means that increasingly large distances are travelled with these 
heavy loads, often resulting in debilitating back conditions, particularly impacting women 
and children. 

The study also revealed that the years of schooling have substantial impact on energy 
poverty in slums of Dhaka. The educational outcomes are strongly related to modern 
energy access like electricity. A research by Khandker et al. (2009) on the impact of the 
rural electrification program in Bangladesh revealed strong impact on both economic and 
educational effects. The impacts of energy access on education are often indirect, with 
one linkage being to the issue of time burden. Improved energy resources can reduce the 
time and labour required to achieve certain tasks such as collecting firewood as well as 
mechanising many activities (UN Energy, 2005). This in turn could lead to increased 
enrolment of children in schools. In addition, access to lighting in the home increases the 
time available for study and hence may impact on achievement levels. Lighting at the 
schools themselves can remove restrictions on school times making night classes a  
viable possibility (Mapako, 2010). An evaluation of electrification on the villages of 
Chhattisgarh state in India showed that electrification had a positive effect for children’s 
education and women’s livelihood (Millinger et al., 2012). Children studied on average 
41 minutes more in the evening, more than double, before electrification. Also, dinner 
cooking commenced about 36 minutes later, as a sign of higher flexibility of time use and 
thus women’s empowerment in terms of large freedom of time use. 

Access to modern energy access has led to a decrease in monthly energy expenditure. 
The research found that the primary fuel used for cooking by the slum dwellers is 
firewood which accounts 1,170 BDT (14.37 USD) per month. In case of natural gas, the 
cost is 109 BDT (1.34 USD) per month which is ten times lesser than that of firewood. 
Though, natural gas has the more useful energy, firewood constitutes about 59% of 
monthly energy cost which is higher than natural gas. Alberts et al. (1997) demonstrated 
that the efficiency of firewood is low as each litre of kerosene was able to replace 18.9 kg 
of firewood per person per month in Los Cedros, a rural district of Nicaragua. Similarly, 
Maria (2010) suggested that biomass source is more expensive per unit of useful energy 
than high-grade sources. 

However, physical availability of modern energy is not the ultimate solution. The 
energy supplied also has to be affordable and reliable, supported by suitable technology, 
well-functioning market, and new forms of partnership and innovative mechanisms 
(OECD/IEA, 2010; UNDP, 2011; Chaurey et al., 2012; Vleuten et al., 2013). 
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Affordability and payment mechanisms are key considerations when assessing energy 
interventions. In case of slums areas of Dhaka, many factors affect the provision of 
affordable and reliable modern energy access. For example, although electricity access 
was higher in the surveyed areas (more than 90%), the affordability was low as slum 
dwellers paid electricity bill by equipment type which could be three times higher than 
the normal tariff set by utility companies. During the survey, we found that slum dwellers 
are suffering not only due to limited access of power supply, but also the unavailability of 
the power supply. Majority of them were dissatisfied towards availability of electricity 
provided by the utility company. Some correspondents also reported that the power line is 
cut off without giving any prior notice. Sometimes, the contractor fails to pay the 
electricity bill to the utility office regularly. Besides, poor people use secondary fuels like 
kerosene, candles, and rechargeable batteries during the time of load shedding which 
means urban poor are not only charged for using electricity but also for secondary fuels 
to get a continuous supply of electricity. Similarly, although some areas in the slums 
(32%) had connection to natural gas, further availability of natural gas had been limited 
since July 2010 when the government stopped supply new gas connection to residential 
sector and diverted to power plants. None of the households used LPG for cooking as its 
price was higher than firewood or natural gas. As shown by other researchers in the slums 
of Dhaka (Rashid, 2009; Hossain, 2012) our study also showed that basic services (such 
as water and electricity supply) in slum areas are provided by individuals called 
Mastaans. They are the only service providers in the slum areas who charge high fees and 
the slum dwellers have no other option. 

6 Conclusions 

The energy access status of slums in Dhaka is poor inspite of an urban setting where the 
physical availability of modern energy like electricity and natural gas is prevalent. 
Electricity is the primary fuel for lightning available to around 90% of households and 
firewood is the major fuel for cooking used by around 68% of the households. Modern 
fuels like electricity and natural gas not only have higher useful energy content, but are 
also cheaper to the households in their overall energy cost. 

A demand-based approach of estimating energy poverty showed that 2.38 kgOE is the 
minimum level of monthly useful energy consumption per capita for lighting and cooking 
purposes. A further increase in the minimum energy consumption is necessary to realize 
enhanced development opportunities (e.g., productive use) other than basic needs. 

The distribution of income and energy poor and non-poor showed that almost 38% of 
urban poor in Dhaka are energy poor, while 56% are income poor, implying that not all 
energy poor are income poor and vice versa, and that there are more income poor than 
energy poor. A closer look at the energy consumption pattern of both energy and income 
poor and non-poor indicates that access to modern energy is the main difference. The 
energy consumption of poor is heavily reliant on traditional fuel like firewood, with 
minimal usage of modern energy sources even though the physical availability of modern 
energy like electricity and natural gas is prevalent in the area. 

Access to modern energy could play a dual role in addressing both energy poverty 
and income poverty. On one hand, the availability of clean and affordable energy can 
wrench the poor from the impacts of unsustainable energy consumption and improve 
their energy poverty status. On the other hand, access to modern energy can raise their 
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income level by providing opportunities for improved health, education, market, 
information and enterprise development. 

Since reducing poverty is a long-term endeavour, in case of slum areas of Dhaka, an 
immediate solution for cooking fuel could be to make transitional/modern fuel such as 
LPG more affordable to the poor as none of the slum dwellers used LPG mainly due to its 
high cost. Innovative pricing option and targeted subsidies could encourage the slum 
dwellers to resort to LPG as their primary fuel for cooking. Similarly, to make electricity 
more affordable, a change of current approach involving regulation of informal service 
agents, use of intermediary service agents, and technological modification such as 
connection to metres and the use of prepaid metres may be useful. For long-term, policies 
that deliver modern energy access with focus on factors that maximise opportunities for 
income generation and productive uses of energy to the urban poor must be addressed. 
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Notes 

1 The sample size was determined by using the equation: 
2

2 2

(1 )
(1 )

NZ P PSample size
Nd Z P P

× × −
=

× × −
 

(Krejcie and Morgan, 1970) 
 where 

Z based on confidence level: 1.96 for 95% confidence, 1.64 for 90% and 2.58 for 99% 
P estimated variance in population (degree of variability), as a decimal: (0.5 for 50–50,  

0.3 for 70–30) 
d level of precision desired (sampling error), expressed as a decimal (i.e., 0.03, 0.05, 0.1 for 

3%, 5%, 10%). 
 For this study, confidence level, Z has chosen as 95%, P is 0.36 for Dhaka slums (Jamil et al., 

1993) and sampling error is taken as 7%. Therefore, the number of families surveyed was 
considered at approximate 180 according to above sampling formula. The sample size was 
divided according to the number of households in each Thana. Thana with higher number of 
households had a higher sample size. 

2 The random sampling is normally done either by using a random number table or a computer 
program. For this study, in order to conduct random sampling, total sample size was first 
determined based on aforementioned equation. Information on slum ID along with address, 
map and number of households were collected from the Center of Urban Studies (CUS) 
located in Dhaka. Then random number was created against each of the slum ID using Excel 
RAND function. Once a random number corresponding to the slum ID was inserted, the data 
were sorted in a random order to generate random sample. 

3 A linear relation exists between the dependent variable (energy consumption) and the 
independent variables (age, education, income, fuel price, etc.). There is no linear relationship 
between two or more of the independent variables which means there is no multicolinearity. 
For the independent variables, the variance (is the average squared distance between the mean 
value and each of sample values) of the residual (is difference between actual value and 
predicted value of dependent variables) is the same for all values of the independent variables 
which means there is no heteroscedasticity. The residual is a normally distributed for any set 
of values of the independent variables. There is no auto correlation between the residuals 
which means residuals is independent of one another. 

4 Access to modern energy service is defined as household’s access to electricity and clean 
cooking facilities (i.e., clean cooking fuels and stoves, advanced biomass cookstoves and 
biogas systems (IEA, 2010). 
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Abstract: Ecologically-safe and energy-saving production technologies are the 
main prerogatives of successful modern manufacturers. Technological, 
ecological and economic properties of organic-soluble, water soluble and oil 
coating materials for protective decorative coatings of wood products have 
been researched in this work with a method of hierarchical analysis based on a 
synthesis of priorities of criteria alternatives for the selection of optimal 
finishing material for the manufacturers of woodworking products. Given the 
global trends toward reduction of harmful emissions into the environment, 
organic-soluble compositions fail considerably in comparison with  
water-soluble and especially oil coatings, while oil-based coatings are nearly 
equivalent to organic-soluble in technological aspect. Oil coatings also have 
highest ratings in economic criteria according to the expert opinions of in the 
proposed analytical hierarchical process model. 
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1 Introduction 

The main prerogative of successful modern manufacturers is the creation of  
ecologically-safe materials and energy-saving production technologies. Protection of the 
environment is a particularly urgent problem in technology of protective and decorative 
coating creation, since all coating materials mainly contain organic solvents, which 
pollute the environment. Water-soluble systems are the most prevalent among the 
ecologically-safe materials for wood finishing. However, they are imported to our 
country and are expensive due to a complex production technological process. In contrast 
to water-soluble coating materials, drying oils are considered safe for the environment 
(Yaremchuk et al., 2011; Yaremchuk and Turlay, 2011; Yaremchuk and Dudnyk, 2007; 
Yaremchuk and Khmaryk, 2013; Yaremchuk and Yuca, 2011). 

The manufacturer, who selects coating materials for protective and decorative wood 
coatings, estimates their technological and economic characteristics in addition to the 
ecological ones (Yaremchuk et al., 2011; Yaremchuk and Khmaryk, 2013; Yaremchuk 
and Yuca, 2011). 

The most optimal coating material selection for wood finishing (out of three most 
used alternatives, which differ in composition, main technological, ecological and 
economic criteria) is decided by establishing the degree of preference of one criterion 
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(factor) over another using the hierarchical analysis methodology (Table 1) (Lyamets and 
Tevyashev, 2004; Olyanyshen et al., 2011; Semenyuk et al., 2012). Such numeric 
agreement is expressed by a priority level (Lyamets and Tevyashev, 2004; Olyanyshen  
et al., 2011; Semenyuk et al., 2012). This method could be used to research the presence 
or absence of agreement in pairwise comparisons of the importance of factors. Usually, 
the advantage of one factor over another is established by expert estimations. The 
adequacy of such estimation is done on the level of logical opinions, built on verbal, 
weakly formalised expert conclusions; therefore it should not be considered the ultimate 
solution. 

2 Proposed research 

This work proposes a three-stage solution to the problem. The first stage is selection of 
the optimal coating material according to the technological criteria. The following second 
and third stages reflect selection according to ecological and economic criteria. The 
criteria have been analysed by experts from academia (two experts from Lviv Polytechnic 
National University and three experts from Ukrainian National Forestry University) as 
well as two experts from the industry (Directors of wood-working companies). Variable 
names for coating materials selection study are displayed in Table 1. 
Table 1 Selected coating materials 

Coating material alternatives Variable names 

Organic-soluble A 
Water-soluble B 
Oil C 

3 Technological criteria analysis and results 

The first stage of the research is selection of coating materials according to technological 
criteria. 

The main technological criteria and their numerical weights g1, gn that identify their 
impacts on the optimal selection of coating materials are chosen (Table 2). 
Table 2 List of technological criteria 

Technological criteria Variable names 

Physical and chemical properties of coating materials (wetting of a wood 
surface, dispersion, penetrating ability) 

g1 

The rate of hardening of the coating film g2 
Physical and mechanical properties of the coating films (hardness, 
elasticity, abrasion resistance, impact resistance) 

g3 

Performance properties of the coating (adhesion, resistance to 
temperature changes, moisture resistance) 

g4 

Decorative properties of the coating (gloss, opacity, light resistance) g5 



   

 

   

   
 

   

   

 

   

   298 L. Yaremchuk et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

Let aij be a number that determines the preference of one factor over the other one. 
Numbers aij are called ranks of the elements (Olyanyshen et al., 2011; Semenyuk et al., 
2012; Syavavko, 2007). The higher the rank of the factor, the more important is the 
degree of association with the set of true values of the element. Since our study factors 
have a certain functional load, we can state that the measure of the significance is the 
function of the weight of the factor, i.e., M(zi) = F(zi(gi)). Let’s construct a matrix А with 
a set of factor weight values or A = (aij). This matrix is inverse-symmetrical, which is 
equivalent to the relation Aij = 1 / aji. 

If the last equality holds for all comparisons, then matrix A is called consistent. In 
problems, where the weights are measured accurately, the consistent matrix corresponds 
to the following: 

; , 1, 2, ,i
ij

j

ga i j n
g

= = …  (1) 

It is known that the matrix equation Ax = y is analogous to the system of equations 

1

; 1,2, ,
n

ij i i
j

a x y i n
=

= =∑ …  (2) 

which based on relationship (1) could be reduced to the following expression: 

1

; 1,2, ,
n

ij i i
j

a g ng i n
=

= =∑ …  (3) 

that corresponds to the following vector expression 

.Ag ng=  (4) 

In expression (4), g is an eigenvector matrix A with eigenvalue n. 
For this particular problem, mutual impacts of coating selection factors are 

determined based on expert estimations, therefore the value of aij cannot always be 
accurately calculated from the equation (1). The solution to this issue could be the 
utilisation of the following statements of the matrix theory (Lyamets and Tevyashev, 
2004; Olyanyshen et al., 2011; Semenyuk et al., 2012). 

If numbers λ1, …, λn satisfy the equation Ax = λx, i.e., are the eigenvalues of the 
matrix A, and aii = 1 for all і, then 

1

n

i
i

λ n
=

=∑  (5) 

Equality (5) with additional consideration (4) means that only one value of the 
eigenvector of matrix A is equal to n, all the rest are zeroes; i.e., in the case of 
consistency of expert opinions, the maximum eigenvalue of matrix A is equal to n. The 
quotient of the division of the sums of components of eigenvector over the number of 
components (mean) determines the approximation to the number λmax, which is called 
the maximum or main eigenvalue. This value becomes the main characteristic, which is 
used to establish the consistency measure of expert opinions in regards to the pairwise 
comparisons of performance factors in problems with linguistically vague criteria, which 
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are solved using the fuzzy set theory (Olyanyshen et al., 2011; Semenyuk et al., 2012; 
Syavavko, 2007). 

In addition, it can be stated that a minor change of elements aij of inverse-symmetric 
matrix A will cause a minor change in the eigenvalue of its vector, thus its eigenvalue 
λmax will be close to n, and other eigenvalues will be slightly different from zero. This 
entails that the value of deviation of λmax from n can serve as a measure of the consistency 
or reliability of expert opinions in relation to the weights of factors depending on their 
importance level. Deviation from agreement is called a consistency index and is 
expressed with value: 

max

1
λ nIU

n
−

=
−

 (6) 

The value of the consistency index should not exceed 10% of its reference value. In order 
to define, the hierarchy scale, the square inverse-symmetrical matrix of pairwise 
comparisons is built, the order of which is determined by the number of analysed factors. 
Expert estimation is done according to Saaty’s relative importance scale of objects 
(Olyanyshen et al., 2011; Semenyuk et al., 2012; Yaremchuk and Khmaryk, 2013) – 
Table 3. 

Technological factors are compared in pairs with respect to the main goal, i.e., 
selection of the coating materials, with the purpose of building the matrix of pairwise 
comparisons. 

A set of importance estimations as a result of comparison of technological factors in 
the matrix is presented in a table. Under the specified conditions (Saaty, 1993), the 
diagonal elements of the matrix equal to one (Table 4). 
Table 3 The scale of relative importance of the objects 

Importance 
estimate Comparison criteria Explanations regarding selection of 

criteria 
1 Objects are equal No dominance of k1 over k2 
3 One object slightly dominates the 

other 
The evidence of a slight favour in 

judgement of k1 over k2 
5 One object dominates the other The strong dominance of k1 over k2 

exists 
7 One object considerably dominates 

the other 
The evidence of very strong 

dominance of k1 over k2 
9 One object absolutely dominates the 

other 
Absolute favouring of k1 over k2 

without a doubt 
2, 4, 6, 8 Intermediate values Additional comparison estimates 

Table 4 Matrix of pairwise comparisons of technological criteria 

 g1 g2 g3 g4 g5 
g1 1 3 1/3 1/5 3 
g2 1/3 1 1/5 1/6 1/3 
g3 3 5 1 1 3 
g4 5 6 1 1 5 
g5 1/3 3 1/3 1/5 1 
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The degree of consistency of numerical values of pairwise comparisons of technological 
factors defined by the above-mentioned matrix is established by the vector of priorities of 
matrix, which is estimated by calculation of the main eigenvector initially and then 
normalising it. Thus, the root of the 3rd degree is taken from the product of the elements 
of every row and the derived vector is shown as 

(0.902;  0.326;  2.141;  2.724;  0.581).E =  

To normalise the vector E, its components are divided over the sum of values of all 
components, which results in the following vector: 

(0.135;  0.048;  0.320;  0.408;  0.087).nE =  

Normalised vector En determines refined numeric factor priorities and establishes a 
preliminary formal result for a solution of the given problem. 

After the calculation of agreement estimates of the factor weights and multiplication 
of the pairwise comparisons matrix and vector En, the following is attained (Lyamets and 
Tevyashev, 2004). 

1 (0.731;  0.255;  1.640;  2.133;  0.467).nE =  

The components of eigenvector λmax are determined in the following way: components of 
vector En1 are divided on the appropriate components of vector En: 

2 (5.411;  5.219;  5.114;  5.230;  5.363).nE =  

Approximate value for λmax = 5,268, where λmax is the average of components of vector 
En2. 

Estimation of the resulting solution is determined by the consistency index, which is 
calculated according to the formula (6). In our case IU = 0.067. 

The value of the consistency index is usually compared to the reference values of 
consistency index, the so-called random consistency WI, which depends on the number of 
objects to be compared (Syavavko, 2007). 

Random consistency index is a consistency index, which was obtained from the 
randomly generated inversely symmetric matrix with the appropriate inversed values on 
the scale from one to nine. The results are considered satisfactory if the determined value 
of the index does not exceed 10% of the reference value of the appropriate number of 
analysed objects, as noted above. 

In our case WI = 1.12 (n = 5). Additionally, the results are estimated with the 
consistency ratio, the value of which is derived from the expression: 

/ .WU IU WI=  (7) 

Since IU = 0.067, then, accordingly, WU = 0.059. The results of pairwise comparisons 
could be considered satisfactory if WU ≤ 0.1. In that way, a sufficient level of process 
convergence and adequate agreement of expert judgements of the relative technological 
factor weights has been obtained. 

The next step is the comparison of the three alternatives of coating materials (Table 1) 
across each of the five technological criteria (Table 2). Consistency of results is 
accomplished through the priority vectors λmax, consistency index IU and consistency 
ratio WU. The obtained results of data calculations are presented in the following 
matrices (Tables 5 to 9). 
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Table 5 Matrix of pairwise comparisons of the alternatives for g1 

g1 А В С 
А 1 5 1/3 
В 1/5 1 1/7 
С 3 7 1 

(0.278;  0.071;  0.649).nE =  

1 (0.854;  0.220;  1.989).nE =  

2 (3.064;  3.064;  3.064).nE =  

max 3.064;  0.032;  0.055.λ IU WU= = =  

Table 6 Matrix of pairwise comparisons of the alternatives for g2 

g2 А В С 

А 1 3 9 
В 1/3 1 7 
С 1/9 1/7 1 

(0.655;  0.289;  0.054).nE =  

1 (2.018;  0.892;  0.169).nE =  

2 (3.080;  3.080;  3.080).nE =  

max 3.080;  0.040;  0.069λ IU WU= = =  

Table 7 Matrix of pairwise comparisons of the alternatives for g3 

g3 А В С 
А 1 1 5 
В 1 1 5 
С 1/5 1/5 1 

(0.454;  0.454;  0.090).nE =  

1 (1.363;  1.363;  0.272).nE =  

2 (3;  3;  3).nE =  

max 3;  0;  0λ IU WU= = =  

Table 8 Matrix of pairwise comparisons of the alternatives for g4 

g4 А В С 

А 1 1 1/2 
В 1 1 1/2 
С 2 2 1 
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(0.25;  0.25;  0.5).nE =  

1 (0.75;  0.75;  1.5).nE =  

2 (3;  3;  3).nE =  

max 3;  0;  0.λ IU WU= = =  

Table 9 Matrix of pairwise comparisons of the alternatives for g5 

g5 А В С 
А 1 1 5 
В 1 1 5 
С 1/5 1/5 1 

(0.454;  0.454;  0.090).nE =  

1 (1.363;  1.363;  0.272).nE =  

2 (3;  3;  3).nE =  

max 3;  0;  0.λ IU WU= = =  

The calculations according to expression (7) are done correctly, since the values of the 
priority vector λmax, consistency index IU and consistency ratio WU for each of the 
matrices are within the norm. 

Through comparison of the importance of the technological factors and comparisons 
of three alternatives of the coating materials for all five technological factors, we came 
close to the solution of the given problem (Melnikov and Kotlyarevs’kyi, 2014; 
Zgurovskij and Pankratova, 2005). 

Consequently, the final step is synthesis of the priorities. The global priority of the 
coating material selection for technological criteria is calculated separately for each of the 
alternatives (type of coating materials) (Table 10). 

• For alternative А: 

0.135 0.278 0.048 0.655 0.320 0.454 0.408 0.25 0.087 0.454 0.355× + × + × + × + × =  

• For alternative В: 

0.135 0.071 0.048 0.289 0.320 0.454 0.408 0.25 0.087 0.454 0.31× + × + × + × + × =  

• For alternative С: 

0.135 0.649 0.048 0.054 0.320 0.090 0.408 0.5 0.087 0.090 0.335× + × + × + × + × =  

According to our applied methodology (Lyamets and Tevyashev, 2004; Melnikov and 
Kotlyarevs’kyi, 2014; Olyanyshen et al., 2011; Saaty, 1993; Syavavko, 2007; Zgurovskij 
and Pankratova, 2005), out of the three alternatives, the most optimal solution for the 
technological criteria of the needs of the woodworking industry is alternative A, i.e., 
organic-soluble coating material with the maximum value of the global priority. 
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Table 10 Synthesis of priorities for alternatives according to the technological criteria 

Technological criteria 
Alternatives g1  

(0.135) 
g2  

(0.048) 
g3  

(0.320) 
g4  

(0.408) 
g5  

(0.087) 
Global 
priority 

А 0.278 0.655 0.454 0.25 0.454 0.355 
В 0.071 0.289 0.454 0.25 0.454 0.31 
С 0.649 0.054 0.090 0.5 0.090 0.335 

4 Ecological criteria analysis and results 

The second research stage is the selection of wood finishing based on fundamental 
ecological criteria. 

Similarly, we choose the most important ecological criteria (Table 11) that impact the 
selection of coating materials alternatives. 
Table 11 List of ecologic criteria 

Ecologic criteria Variable names 

The origin of the components (natural, synthetic) j1 
Renewal properties of raw materials j2 
Usage (ecological payments) j3 
Exploitation of finished products j4 
Utilisation of waste (safety notion) j5 

The matrix of pairwise comparisons is constructed with pairwise comparisons of 
ecological criteria in relation to the main goal, i.e., selection of the coating material  
(Table 12). 
Table 12 Matrix of pairwise comparisons of ecological criteria 

 j1 j2 j3 j4 j5 

j1 1 1/3 1/3 5 1/7 
j2 3 1 1 3 1/5 
j3 3 1 1 5 1/5 
j4 1/5 1/3 1/5 1 1/7 
j5 7 5 5 7 1 

(0.081;  0.151;  0.168;  0.038;  0.559).nE =  

1 (0.461;  0.791;  0.869;  0.219;  3.000).nE =  

2 (5.665;  5.213;  5.166;  5.678;  5.358).nE =  

max 5.416;  0.104;  0.092.λ IU WU= = =  

Tables 13 to 17 are created in the process of comparison of the coating materials 
alternatives. 
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Table 13 Matrix of pairwise comparisons of the alternatives for j1 

j1 А В С 

А 1 1 1/9 
В 1 1 1/9 
С 9 9 1 

(0.090;  0.090;  0.818).nE =  

1 (0.272;  0.272;  2.454).nE =  

2 (3;  3;  3).nE =  

max 3;  0;  0.λ IU WU= = =  

Table 14 Matrix of pairwise comparisons of the alternatives for j2 

j2 А В С 

А 1 1 1/9 
В 1 1 1/9 
С 9 9 1 

(0.090;  0.090;  0.818).nE =  

1 (0.272;  0.272;  2.454).nE =  

2 (3;  3;  3).nE =  

max 3;  0;  0.λ IU WU= = =  

Table 15 Matrix of pairwise comparisons of the alternatives for j3 

j3 А В С 
А 1 1/5 1/7 
В 5 1 1/3 
С 7 3 1 

(0.071; 0.278; 0.649).nE =  

1 (0.220;  0.854;  1.989).nE =  

2 (3.064; 3.064; 3.064).nE =  

max 3.064;  0.032;  0.055λ IU WU= = =  

Table 16 Matrix of pairwise comparisons of the alternatives for j4 

j4 А В С 
А 1 1 1/3 
В 1 1 1/3 
С 3 3 1 
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(0.2;  0.2;  0.6).nE =  

1 (0.6;  0.6;  1.8).nE =  

2 (3;  3;  3).nE =  

max 3;  0;  0.λ IU WU= = =  

Table 17 Matrix of pairwise comparisons of the alternatives for j5 

j5 А В С 

А 1 1 1/5 
В 1 1 1/5 
С 5 5 1 

(0.142;  0.142;  0.713).nE =  

1 (0.428;  0.428;  2.142).nE =  

2 (3;  3;  3).nE =  

max 3;  0;  0.λ IU WU= = =  

Global priority for the coating materials selection according to the ecological criteria is 
calculated in the same way as the one according to the technological: separately for each 
of the alternatives (type of the coating material) (Table 18). 

• For alternative А: 

0.081 0.090 0.151 0.090 0.168 0.071 0.038 0.2 0.559 0.142 0.12× + × + × + × + × =  

• For alternative В: 

0.081 0.090 0.151 0.090 0.168 0.278 0.038 0.2 0.559 0.142 0.155× + × + × + × + × =  

• For alternative С: 

0.081 0.818 0.151 0.818 0.168 0.649 0.038 0.6 0.559 0.713 0.721× + × + × + × + × =  

Table 18 Synthesis of priorities for alternatives according to the ecological criteria 

Ecological criteria 
Alternatives j1  

(0.081) 
j2  

(0.151) 
j3  

(0.168) 
j4  

(0.038) 
j5  

(0.559) 
Global 
priority 

А 0.090 0.090 0.071 0.2 0.142 0.12 
В 0.090 0.090 0.278 0.2 0.142 0.155 
С 0.818 0.818 0.649 0.6 0.713 0.721 

According to the used methodology (Lyamets and Tevyashev, 2004; Katrenko, 2007; 
Melnikov and Kotlyarevs’kyi, 2014; Olyanyshen et al., 2011; Saaty, 1993; Syavavko, 
2007; Zgurovskij and Pankratova, 2005), out of the three alternatives, the most optimal 
solution for the technological criteria of the needs of the woodworking industry is 
alternative C, i.e., coating material based on drying oils with the maximum value of the 
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global priority. Mathematical research of factor impacts confirms the experimental 
studies in regards to the ecological safety of oil-based coating materials for wood 
products finishing. 

5 Economic criteria analysis and results 

The third stage of the research is selection of coating materials according to economic 
criteria. 

Similarly, the selected main economic criteria that influence the selection of the 
coating materials are presented in Table 19. 
Table 19 List of economic criteria 

Economic criteria Variable names 

Cost of materials per 1 m2 of surface finishing r1 

Cost of energy consumption per 1 m2 of surface finishing r2 

Utilisation expenses r3 

Payments for air pollution r4 

Additional expenses covering labour payouts for hazardous working 
conditions 

r5 

The matrix of pairwise comparisons is constructed with pairwise comparisons of 
economic criteria in relation to the main goal, i.e., selection of the coating material  
(Table 20). 
Table 20 Matrix of pairwise comparisons of economic criteria 

 r1 r2 r3 r4 r5 

r1 1 1 5 6 7 

r2 1 1 5 5 7 

r3 1/5 1/5 1 3 3 

r4 1/6 1/5 1/3 1 3 

r5 1/7 1/7 1/3 1/3 1 

(0.369;  0.382;  0.111;  0.068;  0.040).nE =  

1 (2.031;  1.962;  0.594;  0.369;  0.211).nE =  

2 (5.116;  5.126;  5.356;  5.357;  5.252).nE =  

max 5.241;  0.060;  0.054.λ IU WU= = =  

Tables 21 to 25 are created in the process of comparison of the coating materials 
alternatives, where those alternatives are compared according to each of the five 
economic criteria. 
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Table 21 Matrix of pairwise comparisons of the alternatives for r1 

r1 А В С 
А 1 3 1/5 
В 1/3 1 1/7 
С 5 7 1 

(0.188;  0.080;  0.730).nE =  

1 (0.577;  0.248;  2.239).nE =  

2 (3.064;  3.064;  3.064).nE =  

max 3.064;  0.032;  0.055.λ IU WU= = =  

Table 22 Matrix of pairwise comparisons of the alternatives for r2 

r2 А В С 

А 1 1 1 
В 1 1 1 
С 1 1 1 

(0.333;  0.333;  0.333).nE =  

1 (1;  1;  1).nE =  

2 (3;  3;  3).nE =  

max 3;  0;  0.λ IU WU= = =  

Table 23 Matrix of pairwise comparisons of the alternatives for r3 

r3 А В С 
А 1 1 1/5 
В 1 1 1/5 
С 5 5 1 

(0.142;  0.142;  0.714).nE =  

1 (0.428;  0.428;  2.142).nE =  

2 (3;  3;  3).nE =  

max 3;  0;  0.λ IU WU= = =  

Table 24 Matrix of pairwise comparisons of the alternatives for r4 

r4 А В С 

А 1 1/3 1/5 
В 3 1 1/3 
С 5 3 1 
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(0.104;  0.258;  0.636).nE =  

1 (0.318;  0.784;  1.935).nE =  

2 (3.038;  3.038;  3.038).nE =  

max 3.038;  0.019;  0.033.λ IU WU= = =  

Table 25 Matrix of pairwise comparisons of the alternatives for r5 

r5 А В С 
А 1 3 1/3 
В 1/3 1 1/5 
С 3 5 1 

(0.258;  0.104;  0.636).nE =  

1 (0.784;  0.318;  1.935).nE =  

2 (3.038;  3.038;  3.038).nE =  

max 3.038;  0.019;  0.033.λ IU WU= = =  

Global priority for the coating materials selection according to the economic criteria is 
calculated in the same way as the one according to the technological and ecological 
(Table 26). 

• For alternative А: 

0.369 0.188 0.382 0.333 0.111 0.142 0.068 0.104 0.040 0.258 0.229× + × + × + × + × =  

• For alternative В: 

0.369 0.080 0.382 0.333 0.111 0.142 0.068 0.258 0.040 0.104 0.194× + × + × + × + × =  

• For alternative С: 

0.369 0.730 0.382 0.333 0.111 0.714 0.068 0.636 0.040 0.636 0.543× + × + × + × + × =  

Table 26 Synthesis of priorities for alternatives according to the economic criteria 

Economic criteria 
Alternatives r1  

(0.396) 
r2  

(0.382) 
r3  

(0.111) 
r4  

(0.068) 
r5  

(0.040) 
Global 
priority 

А 0.188 0.333 0.142 0.104 0.258 0.229 
В 0.080 0.333 0.142 0.258 0.104 0.194 
С 0.730 0.333 0.714 0.636 0.636 0.543 

According to the calculations, out of the three alternatives, the most optimal solution for 
the wood-working needs for economic criteria is alternative C. Just like the ecological 
criteria, the oil-based coating materials have the maximum value of global priority. Such 
value of the priority confirms that ecological and economic criteria of materials are 
mutually connected. 



   

 

   

   
 

   

   

 

   

    Selection of coating materials 309    
 

 

    
 
 

   

   
 

   

   

 

   

       
 

7 Discussion 

This study evaluated the types of coating materials from multiple perspectives and the 
results show that environmentally-friendly oil-based materials are very competitive 
materials across the board. While the apparent advantage of those materials in ecological 
factors (renewal properties, exploitation of finished products, utilisation of waste, etc.) 
was not surprising to the researchers, and with global priority values of 0.721 compared 
to 0.12 and 0.155 of respectively organic-soluble and water-soluble materials, the values 
from the economic point of view should be interesting to manufacturers and  
policy-workers in the wood-working industry. Thus, economic criteria (costs of 
materials, cost of energy consumption, utilisation, hazardous expenses, etc.) have the 
highest global priority values for oil-based coating materials. The value is considerably 
higher (0.543) then for water-soluble (0.194) and organic-soluble materials (0.229). 

8 Policy implications 

Oils, which are easy to procure, abundantly available and cost-effective natural resources, 
with their unique, natural, functional and biodegradable attributes, can give technological 
and environmentally friendly push to the research, pertaining to the modification of these 
materials for novel properties, improved performance and production of applications that 
are renewable, eco-safe and affordable (Alam et al., 2014). Research efforts in natural 
and safe materials will create a good basis for competition with petroleum-based products 
and establish a line of ‘greener’ coatings in wood-working industry for the future (Alam 
et al., 2014). 

Development and applications of modified compositions based on oils, for example, 
linseed oil, along with research in technological regimes of protective and decorative 
coatings in wood products industry could lead to higher quality of finished products and 
create eco-friendly and energy-saving technologies. This could also spearhead the use of 
local and renewable supply of products with improved production waste utilisation. 

Implementation of hierarchical analysis methodology for the wood products industry 
problem as presented in this article, could improve decision-making in the industry 
towards estimation and analysis of the similar problems. Research in the hierarchical 
decision making and looking at the problems through the multiple perspectives lens, 
building the hierarchy network and engaging expert opinion from the industry and 
academia could help in economic, managerial and policy-making aspects of the wood 
products industry. 

Strategic alignments of technology and business needs may pilot organisational and 
environmental evolution of companies, positively impact convergence and collaboration 
(Siriram, 2011). 

9 Conclusions 

This study of estimation of alternative priorities of the main technological, ecological and 
economic criteria, comparing properties of organic-soluble, water-soluble and oil coating  
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materials shows that organic-soluble materials are the best from the technological 
perspective. However, given the global trends toward reduction of harmful emissions into 
the environment, organic-soluble compositions fail considerably in comparison with 
water-soluble and especially oil coatings. With regard to the economic factors, oil 
finishing materials also, according to the agreement of the weighted values of factors by 
the method of alternative comparisons, were discovered to be the best choice in 
comparison to the organic-soluble and water-soluble coating materials. 

Given that the global priority in technological criteria calculations has no  
significant deviation (organic-soluble = 0.355; oil-based = 0.335), and in calculations  
of ecological (organic-soluble = 0.120; oil-based = 0.721) and economic criteria  
(organic-soluble = 0.229; oil-based = 0.543) those deviations are significant, it could be 
stated that oil finishing materials are choice materials for wood finishing, which satisfy 
the demands of the modern producers and consumers of the products. 
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