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Abstract
The author has planned to introduce the solar PV priority sources to the existing 14-bus optimal self-sufficient CHP-microgrid to reduce
the use of scarce fuel resources and their emission of pollutants like hazardous NOx. The Priority PVoutput is analyzed as negative
demand and modifies, directly, the profile demand of the microgrid. The hourly change of kW output of PV modules at the site is
obtained from thewebsite of SurfaceMeteorology and Solar Energy, sponsored byNASA, usingHOMER software. It is observed that
at any solar insolation power output from the solar module is directly proportional to the module capacity. To plan the best economic
solar PV capacity incorporation in the system, PVoutput is varied over a suitable range and in discrete steps, depending on hour of
profile electric demand and availability of solar insolation at the site. At each modified tracking of hourly electrical demand, Pareto-bi-
objective EELD optimization is performed, simultaneous with compromised reduction between the cost of fuel and NOX emission of
the DERs. The sets of results of best optimal output of sharing of strategically deployed DER-mix could be obtained and these results
are kept within their respective capacity limits. For optimization both differential evolution (DE) and PSO algorithms is used for
comparison of results. Hourly heat demand requires to be met by waste heat recovery from DERs and, if required, by stand-by boiler.
An array is formed of these best solutions per annum for each solar PV capacity change. These results, in comparison with the No-PV
base case results, are used for economic analyses based on benefit-to-cost ratio (BCR). It is found that best BCR value of 1.416 occurs
at PV capacity of 130 kWand so, the best PV capacity size is decided as 130 kW.
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Nomenclature
HOMER Hybrid optimization model for

electric renewable
DG Distributed generator/generation
DE Differential evolution
PL System electric losses in kWh
PGi, PGimax, PGimin Active power generation of ith bus

DER, its upper and lower limits
in kW respectively

f1 and f1max Fuel cost functions in $/hr. and its
value at PGimax respectively

f2 and f2max NOx emission functions in g/kWh
and its value at PGimax respectively

PD Total Profile-electric demand in kW
at the proposed hour

PSPV Output of non-dispatchable Solar
PV modules in kW at the said
hour of PD

PV (solar) photo Voltaic
N Total nos. of dispatchable CHP-DERs
C Total cost of emission plus fuel in $/hr
ai, bi, ci Fuel cost coefficients of ith bus DER
αi, βi, γi Emission coefficients of ith bus DER
ηith Thermal efficiency of ith bus DER
ηhex Efficiency of heat exchanger
HD profile-Heat demand in kWh
W Weighting factor
Pfn Penalty factor for NOx emission
BCR Benefit to cost ratio
EELD Economic emission load dispatch

Introduction

Fossil fuels such as coal, oil and natural gas are, still, the major
resources of the world’s electricity generation and these
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conventional energy resources come across a number of obsta-
cles, namely, price hike, dependence on imports from a limited
number of fossil-fuel-enriched countries and the climate
change risks. The Paris agreement at COP21, 2015 is an indi-
cation of global concern over the climate change issue and it is
the first time to achieve a global agreement on reduction of
climate change. Recent COP 23 in Bonn, Germany in
November 2017 has indicated one step forward to the intention
of the participating countries towards reduction of green
house gas emission. Also, in to-day’s deregulated and
rapidly developing market, the concept of a microgrid,
forming with mix of both CHP (Combined heat and
power) DERs (Distributed Energy Resources) and solar
PV, is gaining greater importance in technical, environ-
mental and economic fields throughout the world.
Governments (both local as well as central), business
houses and customers are increasingly supporting the
utilization of non-conventional energy resources for
electricity generation. Solar PV has emerged as poten-
tially alternative to play a significant role taking into
account the current environmental commitment of sev-
eral countries. The objective of the National Solar
Mission in India is to reduce the cost of solar power
generation to be competitive with fossil-based energy
options and to grow solar installations manifolds.
CHP-based DERs are responsible for creating environ-
mental pollution with the emission of NOx, SOx, CO2

etc. NOx emissions have direct health effects. It affects,
indirectly, to ozone level. Mixing of optimal size of
solar PV with CHP DERs has the advantages like re-
duced dependence on fossil fuels and less environmental
pollution [1–5].

Like main grid, optimization of a microgrid needs special
attentions on objective functions, constraints, algorithmic
techniques etc. Due to uncertain nature of solar insolation,
the incorporation of this generation to the microgrid, is
a matter of great concern. The authors of [6, 7] have
taken PV modules as a priority source and these gener-
ations have been dealt with as negative loads. Modern
soft computing techniques, like DSM (Direct Search
Method) [8], dynamic programming [9, 10], mixed-
integer linear program [11], DER-CAM [12], linear pro-
gramming [13], Bayesian particle filtering [14], genetic
algorithms (GA) [15], Controlled elitist NSGA-II [16],
stochastic mixed integer program [17] etc. have success-
fully been applied by many previous researchers to ob-
tain optimal solution on ELD, EELD and related topics
in their works. Varieties of objective functions have
been used by different authors. The authors of [9] have
used minimization of the cost, which comprised of cost-

of-deployment, cost-of-heat-compensation and cost-of-
fuel. The authors of [12] have taken minimization of
cost of combination of CHP equipments and renewable
sources for commercial building, whereas the authors of
[13] have suggested minimization of equivalent yearly
cost of taking care of a given energy demand profiles,
both electricity and heat. Multi-objective EELD cases
have also found applications in previous works [10,
14, 16]. Some authors [16] used Pareto optimality for
best compromised solution, others [10] used dynamic
programming based algorithm to achieve bargain be-
tween fuel cost and CO2 emission. The authors of [11]
developed an optimal model of DG-mix with NOX

emission as one of the constraints. The authors of [12]
have reported carbon reduction in their results. The
electricity market models were found in some re-
searchers’ similar types of works – the authors of [18]
focused the unit commitment issue on the assumption of
linear, continuous and convex bid functions for both
DG and loads in addition to market price. In the grid-
connected mode, the model of both pool and hybrid
electricity market [15] were studied in the context of
optimal design of microgrid, constituting of PV array,
fuel cell and battery bank, to maximize the total net
present worth of the microgrid, DGs and DISCO. The
author of [19] has designed optimally the microgird
with RESes, such as solar PV, wind generator and stor-
age system based on availability and the reduction of
network cost and in this context the author [19] used
multi-objective PSO and GA for comparative study. The
authors of [20] have used a risk-based stochastic meth-
od to address the uncertainty of loads and renewable
DERs, such as solar and wind. The Cuckoo optimiza-
tion algorithm (COA) has been used in the context of
optimal location and size of these DER units and the
authors claimed that integrated COA & ICA (imperialist
competitive algorithm) has convergence speed and im-
plementation time lesser than other conventional algo-
rithms, such as GA, PSO, etc. The approach to address
the uncertainty of Wind energy by information gap de-
cision theory (IGDT) based on voltage stability
constrained-wind energy planning (VSC-WEP) model
has shown important to be noted for long term wind
energy planning [21].

Contribution of the Present Paper

The 14-bus radial self-sufficient microgrid is located at the
Siliguri in Darjeeling district, West Bengal, India,
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possessing latitude and longitude of the site respectively
of 26o72’N and 88o41’E [22]. The motivation behind
the work arises as there are threats of environment pol-
lution and fossil fuel shortage in the operation of the
microgrid and so, the microgrid is intended to run with
the support of solar PV generation without storage,
treating as the priority source i.e. utilization at the time
of availability, reducing the operating hour of existing
4-CHP-DER mix. CHP-DERs consume fuel and emit
pollutants. But at the same time they cater both electric-
ity and heat to the customers. Therefore, optimum size
of the solar generation (i.e. module size) is to be incor-
porated into the microgrid, which is economically via-
ble. In this context complete analysis, at each module
size, comprises of two folds– firstly, EELD analysis of
the system, on hourly-basis, using solar data at the site,
profile data of both heat and electricity demands along
with relevant constrains as mentioned in section 3.
Lastly, economic feasibility study using benefit-to-cost
ratio (BCR) over the life cycle of the project is per-
formed on the EELD results of each annual hours (i.e.
each of 8760 h) of each of suitable range of module
capacities, with comparison to NO-PV base cases, to
decide the best solar PV size.

The hourly annual data of incident solar radiation
and corresponding kW output of a particular-sized
PV module at the site are obtained from the
Surface Meteorology of NASA and the website of
Solar Energy using HOMER software. It is noted from
these data that the hourly kW output of the module is
directly proportional to the incident radiation. In the
present analyses the hourly kW output of the module
has been taken as the negative demand [6, 7] i.e. it is
subtracted from hourly profile electric demand. As the
present microgrid spreads over smaller region at the
site, the solar radiation is assumed same for all the
14-buses at any instant (hour). With the change of hour-
ly incident solar radiation on the modules during the
day there is a change of hourly PV kW output as well
as corresponding modified hourly profile demand.
Starting from a suitable size, the solar PV capacity is
varied in discrete steps over a wide range depending on
the profile electric demand. At each such step, the
EELD technique has uniquely been addressed to the
microgrid where simultaneous electric and heat demands
are catered to the customers with best Pareto optimality
compromising between fuel cost and NOx emission [23,
24]. BCR values are estimated on annual EELD results
and are stored in an array with ascending order of mod-
ule capacity. From this array it is identified that best

BCR value of 1.416 occurs at 130 kW PV capacity.
Assuming incorporation of standard 5 kW or its multi-
plier sizes of modules at each of 13 load buses in the
microgrid, 130 kW PV capacity means 10 kW sized-module
at each of 13 Load Buses. It is, also, found from the array that
BCR value is increased from 1.3411 at 65 kW PV capacity
incorporation to 1.416 at 130 kW PV capacity but falls to
1.3511 at 195 kW PV- so, a turnaround at higher size incor-
poration. For investment decision on PV capacity size,
130 kW is taken as the best.

The optimizations are performed using differential
evolution (DE) algorithm and the results are compared
with Particle swarm optimization (PSO) algorithm. It is
found tallying of results in both the cases and justifies
the robustness of the methodology. DE [25–27] uses its
different crossover strategies and is found to yield better
and faster convergence, satisfying all the constraints. DE
is faster than PSO. The algorithm is coded and run in
MATLAB 7.1 using Intel Core i3 CPU with 2.0 GB of
RAM.

Though the study case is a particular 14-bus microgrid, the
formulation section 3 has been generalized in eye to address
systems of any scale –larger number of buses, buses under
different solar insolations, load profiles of any variation etc.
to name a few. The work emanates the originality of the
research.

Starting with abstract, keywords and nomenclature,
this paper is organized into seven sections: - section 1
on introduction, section 2 on contribution of the present
paper, section 3 on detailed modeling of the problem,
section 4 on the DE algorithms in the context of the
present EELD problem, section 5 on the case study,
conclusion on section 6 and acknowledgement in the
section 7. References are appended last.

Mathematical Modeling of the Problem

The present paper addresses the EELD based scheduling
of committed dispatchable CHP-DER-mix, comprising
of Mts and Dgs, at a particular hour of the day when
a non-dispatchable solar PV generation is incorporated
in the system as the priority sources. To plan for the
best capacity-size of the solar PV source, the benefit-to-
cost ratio (BCR) tool is applied on EELD results.
Therefore, the present work requires to be modeled on
both EELD and BCR. The formulations are furnished
below with reference to the author’s previous works
[23, 24].
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EELD Modeling [23, 24]

The objective function of EELD is given by the Eq. (1).

Minimize C ¼ W � f 1 þ 1−Wð Þ � Pfnð Þ � f 2ð Þ ð1Þ

Here, C: the total cost of combined emission and fuel, Pfn:
blending NOx emission costs (f2) with the normal fuel costs
(f1). NOx has been considered for the analysis because of most
hazardous pollutant.W: the weighting factor – having uniform
variation between [0, 1].

Constraints to be satisfied at each of the EELD results are:

Constraints - Power Balance

∑
N

i¼1
PG t; ið Þ ¼ ∑

j¼1

NB

PD t; jð Þ−PSPV t; jð Þð Þ þ PL;where t

¼ 1; 2; :::::::::; 8760 ð2Þ

Where PSPV (t,j) = hourly output power of non-
dispatchable solar PV sources – converter losses are
neglected, here. PD(t,j) is the hourly electric demand; both
PSPV and PD are varies with hour (t) of the day and number
of buses (NB) due to their sites. (PD(t, j) − PSPV(t, j)) is modi-
fied profile demand at any hour (t) and location of bus (j),

∑
j¼1

NB

PD t; jð Þ−PSPV t; jð Þð Þ = modified electric demand to be met by

CHP-DERs at any hour (t). At every hour (t) there must be
power balance among CHP-DER generation (PG), modified
profile electric demand and network power loss (PL), as per
Eq. (2). In EELD problem, these PV sources are considered as
priority sources and are dealt with as negative loads. Hourly
statistical solar PV output data (PSPV) are obtained from the
website of Surface Meteorology and Solar Energy, NASA,
using HOMER software. HOMER uses a more generic model
for the PVarray in the simulations. That is, HOMER estimates
PV power production based on the rated capacity of the PV
module. Hourly variation of this output could, easily, be ac-
commodated in the existing microgrid as both Dgs and Mts
are very fast-start-stop (i.e. plug-and-play) dispatchable gen-
erators. Therefore, the microgrid does not require any spin-
ning reserve and, also, self-sufficiency of the system does not
hamper. Absence of spinning reserve reduces consumption of
fuel as well as emission of NOx.

The Kron’s loss formula for the network loss (PL)
using B-coefficients, and the dependent virtual utility
(slack bus) generator capacity (PG1) is formulated as
per reference [23, 24].

Constraints - Limits of DER Capacity

There are two limits of respective DER capacity- PGimin: low-
er operation limit and PGimax: upper operation limit,Eq. (3).
For each of the ith bus DER.

PGimin≤PGi≤PGimax ð3Þ

Constraints -Inequality of Heat Balance

As referred to [23, 24], inequality of Heat balance constraint is
as follows Eq. (4):

∑
N

i¼1
θiPG t; ið Þ≥ HD t; ið Þ− ∑

N

i¼1
θiPSPV t; ið Þ

� �
ð4Þ

θi: heat-to-power ratio of ith DER; As electric demand is
tracked in Eq. (2), there is inequality relation between heat
recovery from CHP-DER and heat demand (HD) at every ‘t’.
With more solar PV generation, CHP-DER generation be-
comes lesser and so is the heat recovery. Therefore, to satisfy
Eq. (4) HD needs to be adjusted proportionally to θiPSPV.
Deficit demand is met by stand-by boiler.

Constraints - Power Flow

B-coefficients have been determined, in the present pa-
per, using Newton-Raphson power flow method where
all constraints of load flow, like bus voltage limit, reac-
tive power flow limit (5) are checked. For each of the
ith bus:

Vij jmax≥Vimin≥ Vij jmin; Qimin≤Qi≤Qimax ð5Þ

Constraint- Spinning Reserve for Non-Dispatchable Solar PV
Generation

If solar generation is introduced into the system without stor-
age then its uncertainties could be tackled keeping stand-by
CHP-generator in spinning mode. In the spinning mode both
emission and fuel consumption take place – emission level is
very high. Loading of these units are required when solar
generations are downed. Each of the generators has its own
ramp rate constraint – Up rate (increase of generation) and
Down rate (decrease of generation). Total spinning reserve
generation (ΣPGl0) is kept less than that of solar generation
(ΣPSPV). PGl0 is generation at spinning condition of l

th DER;
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∑
l
PGl0 ≤∑PSPVð Þ ¼ ∑

l
al þ αlð Þ ð6Þ

Where al and αl are respectively fuel cost and NOX

emission coefficients of lth DER at spinning condition
i.e. at no-load; From spinning DERs ramp up to load
condition or vice versa for ramp-down to spinning –
both happen for availability of solar generation.

For Ramp rate−Up : PGl−PGl0≤URl and Ramp rate−Down : PGl0−PGl ≤DRl

ð7Þ
Due to ramping of DERs, respective inequality constraint

of generation dispatch is modified as in Eq. (8)

And max PGlmin;PGl0−DRlð Þ≤PGl ≤min PGlmax;PGl0 þ URlð Þ ð8Þ

DRl is down ramp rate of lth DER; URl: Up ramp rate of lth

DER; PGl is generation of lth DER at certain value to
back-up the non-availabilty of solar generation. It is
important to note that the small DERs at microgrid level
like, diesel generators, micro-turbines etc. are plug and
play devices and they could be kept stand-by, without
spinning, in the microgrid.

Steps to Find out Pfn for NOx: [28]

The price penalty factors for NOx emissions (Pfn) are
the most important part of EELD. Its determination is
given in the reference [23]. The formulations for fuel
cost, NOx emission and pfn[i]of ith DER at its maxi-
mum capacity are referred to [23]. In the present paper,
available solar PV power at any hour reduces the profile
demand of that hour and Eq. (9) indicates the change
with respect to [23]:

∑PGimax≥∑ PD−PSPVð Þ ð9Þ

After arranging the pfn[i] in ascending order, PGimax

(maximum capacity of each DER) is summed up one at
a time – starting DER is smallest capacity. Equation (9)
indicates the check value to stop the capacity summing.
And the last unit in the process is the pfn for the par-
ticular demand.

Once the value of Pfn is determined, Eq. (1) can be opti-
mized subject to the constraints of Eq. (2) to Eq. (8).

Economic Modeling for Decision of PV Capacity

It is obvious that with the more introduction of solar
generation there will be more reduction of emission

and fuel consumption, provided CHP-DERs are strategi-
cally deployed. For a particular system there is a limit
up to which these advantages could be harvested. For
the economic analysis life cycle of the microgrid is
considered and clearly, indicates whether this limit is
economically feasible. The economic analysis requires
investment costs, (O&M) costs, revenues and savings.
The discounted cash flow analysis has been performed
in the present paper to determine the benefit-to-cost ra-
tio (BCR) of the microgrid. Its formulation is as per
reference of the author’s previous work [24] – here,
only the changes in the formulation due to solar PV
incorporation to the system are shown below:

I0 ¼ CDG þ CBoiler þ CHEX þ CTS þ Cmg

þ CSPV þ CCV þ CMCBð Þ ð10Þ

The initial investment (I0), Eq. (10) includes the ad-
ditional capital cost due to Solar PV sources/modules
(CSPV), solar PV converter (CCV), and solar PV system
switches (CMCB). The capital cost of the rest of the
equipments like DGs (CDG), heat exchangers (CHEX),
thermal storage (CTS), boiler (CBoiler), and microgrid
construction cost (Cmg) will remain same.

In the benefit formulation [24], there is a loss reduction
term (ΔEloss) – due to solar PV incorporation this reduction
will increase when compared to “No PV base case”. Again,
emission reduction (ΔBNOX) is increased with solar PV incor-
poration in comparison to “No PV base case”. Solar PV has no
O&M cost. Cost of heat energy, mitigation fee of CNOX,
charges for electric tariff will remain same in the formulation
of [24].

DE Based Algorithms for EELD

Overview of DE technique, which addresses the steps of
initialization, mutation, crossover and selection of pop-
ulations, was skipped, here, as it was discussed in the
previous works of the author [23, 24]. Differential evo-
lution has been used as a software tool for solving
EELD problem. Particle ith of the population are the
DERs generation i.e. pi = [(PGi1, PGi2,…..,PGiN)] and
is the trial vector i = 1,2,3…..NP, where NP is the pop-
ulation size. ‘N’ indicates the number of DER units.
The DE algorithm for EELD is described in Flow chart
below:
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Input Data:  ai, bi, ci, αi, βi, γi, PGimin ; PGimax, starting 

weighing factor ‘W=0’, initial starting solar PV kW output, 

hourly load demand and its corresponding B-loss 

coefficients. Total solar PV generation at any hour is 

dependent on number of modules and each module 

generation at that hour

Initialization: to create an initial population of ‘NP’ vectors, 

by randomly generating individuals within the boundary 

constraints: PGimin ; PGimax

Evaluate the population using Objective function, 

‘C’ by the time domain simulation

Updated trial population (offsprings) using 
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(Recombination) operations

Evaluate the fitness of offsprings population using 

Objective function, ‘C’ by the time domain 

simulation – compare with the parent population
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1

1
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2

3

Is the fitness of 
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that of parents

2

Continue with the offsprings –

replacing the parents

Yes

No

Discard the offsprings–

continue with the parents

If current iteration ≥ the 

maximum iteration 

Array of Pareto results for each step of W; Similar array 

for each hourly change of profile demand and solar output 

over 8760 hour annually - BCR Estimation- Array 

formation Searching of PV capacity at Best BCR 

Increment W in suitable step till 

W=1

Check W≥1

Yes

No

3

Hourly change of: 
profile demand & 
solar output

Check hour 

≥8760 (annual 

hour)
No

3

Yes

Stop

No

3



Case Study

The present study is to plan the incorporation of a best
capacity-size of solar PV resources in the existing 14-
bus CHP-microgrid. This radial hypothetical microgrid
is similar to one the author developed in [23, 24].
With the solar PV incorporation, the microgrid improves
its operation environmentally, maintaining its optimal
self-sufficiency and economy. In this context, Benefit–
to-cost ratio (BCR) analysis is performed on the results
of EELD at various PV capacities incorporation and the
best capacity could be decided. Before going into de-
tails of the present study cases, a glimpse of the
existing system, which is the ‘No PV Base Case’ for
the present study, is highlighted again.

Previously Optimized Microgrid System [23, 24, 29]
–no PV Base Case

The author had developed in his earlier works a 4-CHP-DERs
14-bus radial self-sufficient optimal microgrid, with all com-
mercial customers in a small commercial hub like a shopping
mall. Line data and bus data of the 14-bus system are as per
Ref [23, 24]. The major contributions in the earlier work were
(i) Optimal siting of DERs, (ii) Optimal sizing of these DERs
and (iii) lastly, Economic Emission Load Dispatching
(EELD). Optimal siting of the DERs was determined on the
basis of Loss Sensitive Index (LSI) with consideration of re-
liability of supply to the customers. Accordingly, four DERs
were located, suitably, at buses 2, 6, 11 and 12. Optimal sizes
of these DERs were evaluated under the condition of mini-
mum system loss and results of simulation were obtained, at
self-sufficiency constraint of microgrid, as - 200 kW diesel
generator (Dg) at bus 2, 80 kW microturbine (Mt) at bus 6,
100 kW Dg at bus 11 and 30 kW Mt. at bus 12.

The demands profiles of both heat and electricity were
chosen as shown in Fig. 1. For EELD analysis, all emission
and fuel consumption data of the DERs were obtained by
second-order polynomial curve fitting between 20% and
100% of rated power of respective DER. The Fuel
Consumption Coefficients & Operational Limits of DERs
are as per Ref [23, 24]. The results (Table 1) of sharing of
demand, solely, by four dispatchable DERs without grid par-
ticipation (i.e. case of self-sufficiency) are shown, here again,
as the base case for the present study.

Present Study Case with Incorporation of Solar PV
in the System – Bi-Objective Optimization

Due to strategic deployment of DERs, the number of DERs in
operation is varied with the availability of the solar generation.
B-coefficients for three cases of 4-DERs, 3-DERs and 2-
DERs in operation are presented below.

1) B-coefficients with 4-DERs in operation:

Bij ¼

0:4355 −0:1694 0:1482 −0:2684−0:0925
−0:1694 0:2366−0:0247 −0:0061−0:0689
0:1482 −0:0247 0:1636 −0:2391−0:1046
−0:2684 −0:0061−0:2391 0:6517 0:1987
−0:0925 −0:0689−0:1046 0:1987 0:1864

2
66664

3
77775

B0i ¼ −0:0326−0: 0314 0:0057−0:0018 0:0050½ �; B00 ¼ 0:0014½ �;

2) B-coefficients with 3-DERs in operation:

Bij ¼
0:425 −0:0259 0:0353 −0:1211
−0:0259 0:0326 0:0119 −0:0146
0:0353 0:0119 0:0842 −0:0989
−0:1211 −0:0145 −0:0989 0:3892

2
664

3
775

B0i ¼ 0:0229−0:0051−0:0002−0:0058½ �; B00 ¼ 7:3010e−004½ �;

Fig. 1 Load profiles –both Heat
and Electric
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3) B-coefficients with 2-DERs in operation:

Bij ¼
0:0380 0:0115 −0:0333
0:0115 0:0575 −0:0692
−0:0333 −0:0692 0:2606

2
4

3
5;B0i

¼ 0:0017 −0:0019 −0:0021½ �;B00 ¼ 6:7142e−004½ �;

Other data for the analysis, including DE and PSO algo-
rithms data, are shown below: [23, 24].

4) Price of utility electricity (Ce): $0.12/kWh – at this price
the owner of the microgrid earns incentive from utility.
Incentive is due to reduction of system loss. The Prices of
diesel fuel ($ 1.10/U.S. gallon), price of natural gas ($ 6.0/
MMBtu) and Price of heat ($0.05/kWh) are as per ref.
[24].

5) Boiler Data, Economic Analysis data (i.e. Interest rate,
inflation rate and economic life cycle (EL)), Microgrid
construction cost data, Data for Electricity Tariff, Cost
data of thermal storage, Data of heat exchanger are as
per ref. [24].

6) Data of solar PV modules &MCB: Capital cost is $2000/
kW and replacement cost is $1800/kW. O&M cost is nil
[22]. Cost of MCB (CMCB) is $2835.00 (Same as CCB LV
breaker of microgrid). The MCB is required to connect
module to the grid.

7) Data of converter for Solar PV: Capital cost of inverter is
$850/kW. Replacement cost is $25/kW/yr. O&M cost is
nil [22].

8) DE and PSO algorithmic data: same as ref. [23, 24].

The proposed site of the microgrid is at Siliguri, West
Bengal, India. The latitude and longitude of the site are
26o72’N and 88o41’E respectively. The solar radiation data
of the site are obtained from the NASA Surface
Meteorology and solar Energy website [30, 31, 32] using
HOMER software. The microgrid is extended over a small
area, so it is under same solar radiation. The average solar
radiation and clearness index of the study area are obtained
respectively as 4.788 kW/m2/day and 0.533 [22] (Table 2).
The hourly kWoutput of the PV source/module is dependent
on the incident solar radiation. Figure 2 shows hourly incident
solar radiation data (8760 in numbers) of the site over the year.
It is noted from the HOMER data that annual maximum

Table 2 Solar radiation and clearness index data for Siliguri, West
Bengal, India

Month Clearness index Daily radiation
(kWh/m2/day)

January 0.629 4.03

February 0.654 4.950

March 0.643 5.820

April 0.594 6.140

May 0.539 5.970

June 0.438 4.950

July 0.375 4.190

August 0.401 4.24

September 0.418 3.960

October 0.596 4.760

November 0.672 4.470

December 0.664 4.0

Average 0.533 4.788

Table 1 Best compromised solution by Pareto: At No- PV Generation (Base Case)

Demand, kW Committed DERs Output at Buses (KW) Fuel cost ($/yr) NOx (kg/yr) Heat (kWh/yr) Loss, kWh/yr

1 2 6 11 12

169 0.0 Stand-by 79.999 67.106 22.603 32,672 9466.7 293,900 1078.9

248 0.0 153.003 75.9603 Stand-by 20.046 73,049 22,112 677,480 2832.6

338 0.0 150.54 80.0 90.92 20.55 105,330 44,433 997,829.7 11,709

400 0.0 194.366 75.921 99.857 25.808 75,086 31,980.13 720,490 8562.9
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Data)



hourly incident solar radiation at the site occurs on 10th
November at 12–00 h and corresponding maximum kW out-
puts are obtained as: from each 2 kWmodule: 1.984 kW, from
each 5 kW module: 4.959 kW, from each 10 kW module -
9.921 kW and 14.88 kW from each 15 kW module – i.e.
generation is directly proportional to module capacity.
HOMER uses a more generic model for the PV module/
array in the simulations. That is, HOMER calculates PV pow-
er production based on the rated capacity of the array [33].

Figure 3 depicts the hourly output variations of a 2 kW mod-
ule on the 10th November. Being used as the priority source
the hourly generation of non-dispatchable solar PV resources
is considered as the negative load on the bus and hence actual
profile electric demand on the bus is decreased (2). Equal
capacity of solar PV resources is assumed to distribute on each
of the 13 load buses, except the bus number 1 (i.e. slack bus).
Due to position of the PV sources near the load, the system
loss is reduced. It is, also, observed from the annual HOMER
data that solar PV generation is available during the periods of
the day when loads (Fig. 1) are 169 kW (from 05:00 to
09:00 h), 338 kW (from 09:00 to 17:00 h) and 400 kW (from
17:00 to 22:00 h). In Table 3 the range of yearly output of solar
PV, with reference to 2 kW module, is shown. This range is
divided into steps of 0.1 kW. Annual occurrence of each such
step with reference to the profile demand is, also, sorted out
and shown in Table 3.

As the microgrid is formed in a shopping mall whose sea-
sonal load variation is negligible. Daily load profile (Fig. 1) is
assumed same throughout the year. In the present analyses, the
incorporation of solar PV generation at a particular load hour
is changed in the range from 10% to 40% of the hourly profile
demand with a suitable increment of 1 kW (say) to cover the
annual variation of solar PV radiation and corresponding gen-
eration. At each incremental step EELD multi-optimal Pareto-
solution of the microgrid, compromising between fuel cost
and NOX emission, is obtained with the different combina-
tions of committed dispatchable units. These results are con-
sidered at electric demand tracking and at zero slack bus in-
jection i.e. at self-sufficiency. Thus, at each load an array of
best solutions over the year is formed. Assuming placement of
standard 5 kWor its multiplier module capacities at each of 13
load buses, three chosen capacities of 65 kW (i.e. 5 kW mod-
ule at each of 13 load bus), 130 kW(10 kWmodule at each of
13 load bus) and 195 kW (15 kW each of 13 load bus) - are
arbitrarily sorted out for discussion on the results.

The Mts and Dgs are plug-and-play dispatchable DERs.
These DERs do not require to be kept spinning to tackle the
uncertainty of solar generation. The results (Tables 1, 3, and 4)
from these studies reveal the following valuable information.
These results help in the energy management planning as well
as in the decision of capacity size incorporation of PVmodule.

1) Like electricity heat is another demand to be catered to the
customers – its higher recovery is also to be concerned.
Unlike electric demand heat is not tracked, so there may
exist a difference between its demand and recovery from
CHP-DERs at any instant (hour). Recovery amount
higher than the demand is stored and utilized later at the
time of need. Higher the heat recovery at the time of need,
lower will be the supply from the storage and hence the
capacity of storage will be reduced – cost of investment
will be lesser. The results (Table 4) show lesser heat

Table 3 kW output of solar PV (Reference to 2 kW module) and
number of hourly occurrence

Solar PV kWoutput Load 169 kW Load 338 kW Load 400 kW
Hrs/annum Hrs/annum Hrs/annum

0.0–0.1 256 60 207

0.1–0.2 135 125 108

0.2–0.3 153 147 78

0.3–0.4 117 132 97

0.4–0.5 54 142 60

0.5–0.6 56 165 18

0.6–0.7 71 163 1

0.7–0.8 45 211 -x-

0.8–0.9 16 221 -x-

0.9–1.0 1 178 -x-

1.0–1.1 -x- 203 -x-

1.1–1.2 -x- 212 -x-

1.2–1.3 -x- 180 -x-

1.3–1.4 -x- 178 -x-

1.4–1.5 -x- 183 -x-

1.5–1.6 -x- 154 -x-

1.6–1.7 -x- 136 -x-

1.7–1.8 -x- 85 -x-

1.8–1.9 -x- 30 -x-

1.9–2.0 -x- 13 -x-
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Fig. 3 Hourly solar PV output from 2 kW Module on 10th November
(using HOMER Data)



generation with 195 kW capacity sizes of PV modules
(i.e. 6466.0 kWh of heat daily) compared to both
130 kW capacity sizes (i.e. 6745.8kWh of heat daily)
and 65 kW capacity sizes (i.e. 7020.4 kWh of heat daily).
Higher the PVoutput and its hourly occurrence (Tables 1,
3 and 4) lesser will be both DER utilization and heat
generation. All the three cases are in deficit of the daily
heat generation than the requirement (i.e. 7371 kWh of
heat daily required, which is recovered in No-PV case).

Alternative heat-source, like back-up boiler, is to be
installed to meet the deficit.

2) Fuel consumption as well as emission from DERs is af-
fected with change of PVoutput. Higher the PV genera-
tion, lower are the sharing of dispatchable DERs and con-
sequence is lower fuel consumption (hence, lower fuel
cost) but higher emission. The DERs, usually, operate at
lower output with high emission. Mts are better choice
than Dgs in the context of lower emission, lower fuel cost

Table 4 Annual results - waste heat generation, fuel cost, NOx emission and system loss

Load, kW Heat, kWh/yr Fuel cost, $/yr NOx Emission,
kg/yr

System
loss, kWh/yr

Remarks

65 kW Solar PV Capacity

169 283,600.0 31,975.0 9571.4 1052.3 200 kW Dg as stand-by

248 677,500.0 73,049.0 22,112.0 2838.9 100 kW Dg as stand-by & No-PV generation

338 883,440.0 98,135.0 41,121.08 7912.4 For higher values of PV Output, 100 kW
Dg as stand-by

400 717,890.0 74,494.0 31,851.0 8656.1 All 4-DERs in operation

130 Solar PV kW Capacity

169 272,030.0 31,289.0 9686.3 1071.8 200 kW Dg as stand-by

248 677,500.0 73,049.0 22,112.0 2838.9 100 kW Dg as stand-by & No-PV generation

338 798,920.0 89,809.0 37,064.0 5542.0 For higher values of PV Output, 100 kW Dg
as stand-by

400 713,780.0 74,135.0 32,046.0 8612.9 No stand-by

195 kW Solar PV kW Capacity

169 263,360.0 30,646.0 9627.7 10,018.8 200 kW Dg up to 68.25 kW PV generation
and rest with
both 200 kW & 100 kW Dgs as stand-by

248 677,500.0 73,049.0 22,112.0 2838.9 100 kW Dg as stand-by & No-PV generation

338 710,010.0 81,835.0 36,910.0 3930.5 100 kW Dg up to 126.75 kW PV generation
and rest with
100 kW Dgs as stand-by

400 709,230.0 73,794.0 32,078.0 8542.7 No stand-by

Fig. 4 Pareto optimal front for
fuel cost and NOx emission at
338 kW Demand and 64.5 kW
PV Output
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and higher heat generation. So, whenever possible, more
Mts are used and Dgs are kept as stand-by (Table 4).

3) Due to space constraint all results are not possible to
show, besides curves at all results are similar in nature,
so the Fig. 4, Fig. 5 and Fig. 6 have been chosen arbitrari-
ly where electric demand is 338 kW, PV output as
64.5 kWand 100 kW Dg as stand. At a particular electric
demand, more heat recovery is possible if load sharing is
shifted fromDg toMt. 100 kWDg as stand-by has a good
effect on both fuel cost and emission reduction, compared
to 4-DER operation (Table 1).

4) The sensitivity of parameter change over the results is
important. It is noted that at constant heat demand (say,
at 285 kWh), optimal emission and optimal fuel cost are,
respectively, 0.06% (low) and 0.89% (high) sensitive to
per kW increase in load at 338 kW. Similar results are
obtained at other cases.

Economic Analysis and Comparison

The microgrid is formed with commercial customers in a
small commercial hub like a shopping mall. The average tem-
perature of summer at the microgrid site, Siliguri, is around
35 °C. The winter of Siliguri continues during December to
February and temperature is around 15 °C. Load profiles of
the mall is hardly varied with seasons and is considered almost
same. With this assumption, calculations of annual costs and
benefits would be simple. The mall opens at 09:00 and runs
upto 22:00. Due to utilization of the daylight inside, the load in
the day time (from 05:00 to 09:00 and from 09:00 to 17:00) is
less. The load is at peak during 17:00 to 22:00 when there is
no daylight. The profiles, both heat and electric demands,
(Fig. 1) are considered stable and constant during unit hour.

With the introduction of solar generation in the microgrid,
the electric profile demand is modified. The CHP-based DERs
supply hourly both heat and modified electric demand.
Simultaneous tracking of both electric and heat demands are
not possible as these demands are independent variables,
whereas generation of electric and heat by DERs are depen-
dent. Thus the modified electric demand profile is tracked.
The strategic deployment of these CHP-DERs helps operate
these DERs near their respective rated capacities and the
EELD results are shown in Table 1 and Table 4. Balance
between daily thermal demand and daily thermal supply are
to be met and to achieve the balance, accumulation of waste
heat from supply sources, presently, like CHP-based DERs,
from back-up boiler and from stored heat in thermal storage
are important. Necessity of boiler arises when DERs and stor-
age, jointly, cannot meet the demand. The modified electric
demand along with the profile-heat demand at the same hour
is to be catered to the customers of the microgrid.

Evaluations of BCR are performed on the EELD results
obtained over the year of 8760 h and in comparison with

Fig. 6 NOx Emission versus Heat
Recovery at 338 kWDemand and
64.5 kW PV Output
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Fig. 5 3-D plot of optimal front showing the relations among fuel cost,
NOx emission, and heat recovery at 338 kW Demand and 64.5 kW PV
Output
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No-PV base case results. An array of results of BCR values
in ascending order of PV sizes is formed. It is observed
from the array that Best BCR value is reached at 1.416 of
BCR value when PV size is 130 kW in the microgrid. To
show the trend of BCR value change around 130 kW PV
capacity, one lower value (65 kW) and another higher val-
ue (195 kW) module sizes have been considered as the
study cases (Table 1 and Table 4). This study helps decide

the owner of the microgrid in investment planning on solar
PV resources as well as its capacity selection. This
discounted cash flow analysis requires investment costs
for all equipments in the microgrid, (O&M) costs of
DERs, revenues from selling of heat and electricity and
savings from reduction of loss and emission. These vital
inputs are obtained at best optimal EELD results. The eco-
nomic data of DERs are obtained from Table 5.

Table 5 Economic data of DERs
Bus no DER Type Investment

cost, $/kW
O&M Cost, $/kW/Yr.

Fixed Variable fuel cost

1 500 kWDg 386 27 From Fuel cost curve (f1)

2 200 kWDg 514 27 do

6 80 kW Mt 753 27 do

11 100 kWDg 690 27 do

12 30 kW Mt 1333 27 do

Table 6 Economic analysis at best Pareto optimality

Description Units No-PV Case 65 kW PV Case 130 kW PV Case 195 kW PV Case

Installation Cost

Gen-Set (Mts and Dgs) US$ 272,030.0 272,030.0 272,030.0 272,030.0

Solar PV modules plus Converter plus MCBs US$ -x- 222,104.0 407,354.0 592,605.0

Boiler US$ -x- 3000.0 6000.0 6000.0

Heat Storage US$ 276,320.0 270,140.0 273,320.0 267,770.0

Heat Exchanger US$ 77,900.0 77,900.0 77,900.0 77,900.0

Microgrid US$ 68,046.48 68,046.48 68,046.48 68,046.48

Total installation cost US$ 694,300.0 913,220.0 1,104,650.0 1,284,400.0

Parameters

Interest Rate % 10 10 10 10

Inflation Rate % 3 3 3 3

Operating Cost

Gen-Set (Mts and Dgs) US$/Yr. 286,245.0 277,761.0 268,390.0 259,324.0

Solar PV modules plus Converter US$/Yr. -x- 7475.0 14,950.0 22,425.0

Boiler US$/Yr. -x- 7678.1 13,692.0 19,820.0

Heat Storage US$/Yr. -x- -x- -x- -x-

Heat Exchanger US$/Yr. -x- -x- -x- -x-

Microgrid US$/Yr. -x- -x- -x- -x-

Total Operating cost US$/Yr. 286,245.0 292,910.0 297,032.0 301,569.0

Revenues /Benefits

Selling of Electricity US$/Yr. 319,558.35 319,558.35 319,558.35 319,558.35

Selling of Heat US$/Yr. 134,520.7 134,520.7 134,520.7 134,520.7

Benefit from Loss Reduction US$/Yr. -Base value- 124.57 236.85 447.096

Benefit from Emission Reduction US$/Yr. - Base value - 52,349.0 111,520.0 114,080.0

Total Revenues (Bt) US$/Yr. 454,080.0 506,550.0 565,840.0 568,610.0

present value cost US$ 3,776,400.0 4,067,100.0 4,302,900.0 4,531,500.0

present value benefit US$ 4,889,300.0 5,454,300.0 6,092,700.0 6,122,500.0

Benefit-to-cost ratio (BCR) -x- 1.2947 1.3411 1.416 1.3511
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Table 6 gives the all relevant results for estimation of BCR
of the microgrid.

Following assumptions are made in the evaluation of BCR:

& Operation of CHP-based DERs and Mall: 24 × 7 days in a
week

& All customers are Commercial like shopping Mall and
tariff structure is considered as constant rate.

& As the operations of both types of DERs are plug-and-
play, cost of starting is neglected.

& DERs are plug-and-play devices and not kept running as
spinning reserves.

& DERs and other equipments: No spare capacity required
& No seasonal variations of commercial load profiles
& Solar PV inverter loss has been neglected
& Same tariff for both solar energy and the energy from other

DERs

No-PV case has been taken as the base case. The results of
the cases with PV have been compared with the base case. A
mitigation fee of $16.5/kg [34] may be suggested for NOx

emission reduction over the base case.
Following observations are obtained from the analysis

(Table 6):

1) Boiler as a backup source is needed for all the three cases -
required capacity chosen for 65 kW PV case, 130 kW PV
case and 195 kW PV case are 50 kWh, 100 kWh and 100
kWh respectively. In the later two cases of same 100 kWh
boilers, daily running hours are different as heat require-
ments are not same.

2) Investment in 130 kWPV case is 17.33%more with respect
to 65 kW PV case, but 16.27% lower with respect to
195 kW PV case – this difference is mainly due to solar
system cost. To create a competitive market, tariff for the
solar energy has been taken as same as the energy fromother
DERs. The revenues from both electric and heat demands
are same in all the cases as catering the same profiles.
Revenue differs from one PV case to other PV case, majorly,
due to different emission reductions with respect to base
case. Annual O&M expenditures (i.e. fuel cost) with respect
to base case are lower by 2.96%, 6.24% and 9.4% respec-
tively in 65 kW PV case, 130 kW PV case and 195 kW PV
case. The advantage of lower fuel cost in the last case (i.e.
195 kW PV case) is overtaken by both higher solar PV plus
inverter replacement cost and boiler fuel cost.

3) As referred to [24], for evaluations of both present value (pv)
cost (24) and benefit (26), equal yearly cash flow over the
life cycle and straight line depreciation schedule are consid-
ered for simplification. Among the three cases highest value
of BCR (1.416) is obtained at 130 kW PV case (Table 6). In
other two cases, BCR values are 1.3411 (for 65 kW PV
case) and 1.3511 (for 195 kW PV case). Three BCR values

indicate that from case I to case II there is increasing tenden-
cy of BCR value, whereas from case II to case III there is a
downward tendency. The 130 kWPV case is best choice for
investment in the present microgrid.

Conclusion

Solar energy is widely available and the most essential and pre-
requisite resource of sustainable energy when the whole world is
concerned with the environmental damage caused by the fossil
fuel as well as its declining reserve. EELD technique is used,
here, because it encompasses both pollution and fuel usage in
relation to the energy generation by CHP-resources. Best Pareto
optimal results of EELD (Tables 1 and 4) at each of solar module
sizes are used for comparative economic analyses by BCR and
higher value of BCR (1.416) indicates that 130 kW PVmodules
are seemed suitable choice for the microgrid as per present study.
Block of 8760 simulation results annually corresponding to any
discrete module capacity size can be selected for study for invest-
ment decision – three such blocks have been selected presently. It
is observed from the results that with the increase of solar PV
generation capacity, DER utilization is reduced and so recovery
of waste heat is lessen. The effect is to introduce higher capacity
boiler to meet the heat demand – further consequences are more
capital investment and higher NOx emission. For higher DERs
utilization as well as lower emission, Dgs are strategically kept as
stand-by. This strategyworks well from 65 kWPVmodules case
to 130 kWPVmodules case and it is found there is an increase of
BCR value from 1.3411 to 1.416, but turnaround of BCR value
happens from 130 kWPVmodules case to 195 kWPVmodules
case. It is, also, to be noted that all the three cases of PV incor-
poration is better than the no-PV base case, as far as BCRvalue is
concerned (Table 6).

This technique shows one of the many avenues of econom-
ic analysis. If more number of PV capacity sizes are compared
then decision would be more accurate. Again, type of manu-
facturers and technology of DERs, on which both fuel con-
sumption and emission depend, influence the simulation re-
sults. Moreover, the results are also sensitive to the customers’
demand profiles –both heat and electric.

At the outset, the most important conclusion is that though
the approach has been applied for a particular system but it
could be accepted for any system –having different capacities
of solar modules at different buses, having seasonal variation
of demand profiles etc.

The EELD results obtained by DE algorithm have, also,
been compared with the results by PSO algorithm and it is
noted that results of both simulation techniques are tallying
each other. Due to space limitation, PSO results are not pre-
sented. As DE algorithm is faster than PSO, DE algorithm
results have been considered with foremost importance.
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