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Abstract 
The paper proposes the multi-objective design and optimization of 
Kolhapur district energy system for solving the energy, economy 
and environmental problem. The problem is formulated as a non 
linear constrained multi-objective optimization for simultaneous 
minimization of cost and CO2 emission. Fuzzy membership 
function is used to find the set of solutions from the Pareto optimal 
frontier curve. A fuzzy logic membership function technique is used 
for district energy resources allocation for generation of electricity. 
The detailed survey has been conducted to determine the potential 
of solar, wind, biomass (co-generation), biogas and small hydro 
power and to find energy consumption profile of selected district, 
in the state of Maharashtra, India. Three objective functions and 
seven constraints based on the local availability are considered 
in this model. Four scenarios have been developed such as purely 
thermal scenario, present substitution scenario, total substitution 
scenario and expansion scenario. Due to vast uncertainty in energy 
data at micro-level, fuzzy logic membership function technique 
has been found suitable to take into consideration. The proposed 
model can provide the best possible options for micro-level energy 
planning to the decision and policy making. 
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I. Introduction

The current pattern of commercial energy oriented development, 
particularly focused on fossil fuels and centralized electricity has 
resulted environmental degradation. The current status is largely 
a result of adoption of centralized energy planning, which ignores 
transmission and distribution losses and has led to environmental 
degradation due to fossil fuel consumption. Therefore there is 
a need for alternate approach of planning i.e. a decentralized 
planning approach, and a shift to renewable energy to sustain 
economic development.
The study considers energy consumption patterns and available 
local energy resources in Kolhapur District of Maharashtra, India 
to arrive at micro-level energy planning using multi-objective 
programming approach. Optimal energy resource allocation for 
various energy mix, corresponding cost, and CO2 emission has 
been deduced. In energy planning the region is defined as Taluka, 
Block, Urban or District. Energy mix have been attempted to 
define region for energy planning in the present text. The results 
of energy mix show that the energy mix of state grid electricity 
and better utilization of available energy sources compared to 
an individual state grid electricity generation through thermal 
coal based power plant. The methodology suggested gives the 
flexibility of defining a region to the energy planner, while 
formulating “Integrated Modeling by Multi-Objective Design and 
Optimization of Urban/District Energy System” (IMMODOUS). 
The district energy systems are believed to have a great potential 
to contribute to the reduction of greenhouse gas emissions linked 
mainly with electricity generation. District energy systems 

representing renewable energy sources, therefore, an option for 
a more sustainable development. However, designing an optimal 
district energy system to reduce the energy cost as well as CO2 
emissions requires a new dedicated methodology. Developing 
the methodology offering the set of solutions (Pareto optimal 
solutions) for the problem so defined is the basic theme of the 
work.

II. Methodology
The problem of fuzzy logic membership function technique is 
modeled by identifying eight energy resources such as

Biomass (bagasse based co-generation)1. 
Wind2. 
Municipal Solid Waste (MSW)3. 
Biogas4. 
Solar Photovoltaic (SPV), Solar Thermal (STH)5. 
Small Hydro Power Generation (SHP)6. 
State electricity grid7. 
Diesel based generation.8. 

The model IMMODOUS has been developed for optimizing 
the energy supply in Kolhapur district located in western part of 
Maharashtra, India. The model takes into account the available 
resource constraints with respect to supply, availability, annual 
utilization factor, energy need, energy cost per KWh and CO2 
emission. Data have been used in the model based on detailed 
energy consumption profile such as shedable load, non shedable 
load in Kolhapur district for three consecutive years 2009, 2010 
and 2011.The main purpose of this case study is to analyze the 
month-wise energy mix cost per KWh, energy mix CO2 emission 
by utilizing the local available renewable energy resources in 
integration with existing state electricity grid system in Kolhapur 
district.
The month-wise energy mix cost per KWh and corresponding 
CO2 emission of energy sources are calculated for entire year. The 
present optimization model consists of three objective functions 
subject to seven constraints. Therefore, this type of problem can 
be solved by fuzzy logic membership function technique for 
assessment of local available energy resources. 

A. Basic Considerations 
Considering the duration of years for particular energy resources 
considering the active hours of the day and month, the MW plant 
capacities and annual utilization factor for particular energy 
resource actual MW plant capacity is calculated to estimate actual 
contribution of renewable energy either for substitution or for 
expansion.
The utilization factor for biomass co-generation power plant is 
considered 70 %.where 25 % for wind energy power plant, 50 
% for municipal solid waste power plant, 50 % for biogas power 
plant, 20 % for solar based power plant and 50 % for small hydro 
power plant.
The unit cost of energy from different resources has been found as 
Rs 2.30 from coal based power plant, Rs 20.00 from diesel power 
plant, Rs 06.00 from Bagasse based (co-generation), Rs 15 per 
unit from SPV, Rs 4.00 from Municipal solid waste (MSW), Rs 
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3.50 from wind, and Rs 3.50 from SHP. 
The CO2 emission from different energy sources has been found 
as 1000 grams per KWh for coal based power generation, 3000 
grams per KWh from diesel power plant, 25 grams per KWh 
from Bagasse based (co-generation), 100 grams per KWh from 
SPV, 25 grams per KWh from Municipal solid waste (MSW), 15 
grams per KWh from wind, 500 grams per KWh from biogas and 
10 grams per KWh from SHP.

III. Objectives

A. Minimization of Cost
The cost refers to the actual cost per KWh of energy generated 
which is an important factor is affecting the choice of energy 
systems. The objective function is represented as
 Min ∑ CiXi     (1)
Where Ci is the energy mix cost per KWh for energy sources Xi 
[i=1, 2, 3,……….8]

B. Minimization of CO2 emissions:
For the minimization of CO2 emission the coal based generation 
should be reduced
The objective function is represented as
 Min ∑ CO2iXi     (2)
Where CO2i is the emission and Xi is energy resources [i=7, 8]

C. Maximization of Local Available Renewable Energy 
Resources
To achieve self dependence in energy sources utilization and 
to be independent from commercial energy sources, the local 
resources should be maximally utilized. The objective function 
is represented as
Max ∑ Xi     (3)
Where X is the energy resources [i=1, 2, 3, 4, 5, 6,]

D. Constraints
The proposed energy allocation model is also subjected to the 
following constraints

1. Total Energy Requirement
The constraint function is represented as
∑ Xi ≥ Total energy requirement   (4)
Where X is the energy resources [i=1, 2, 3,…..8]

2. Potential Limit for Bio-Mass Energy
The constraint function is represented as
∑ Xi ≥ 0.25 Ui × Total energy requirement  (5)
The potential limit for the use of biomass energy is considered to 
be 25 % of total energy requirement and Ui = capacity utilization 
factor.

3. Potential Limit for Wind Energy (Peak and Lean 
Period)
The constraint function is represented as
∑ Xi ≥ 0.25 Ui × Total energy requirement  (6)
The potential limit for the use of wind energy is considered to be 
25 % of total energy requirement and Ui = capacity utilization 
factor.

4. Potential Limit for Municipal Solid Waste Energy
The constraint function is represented as
∑ Xi ≥ 0.05 Ui × Total energy requirement  (7)

The potential limit for the use of municipal solid waste energy 
is considered to be 5 % of total energy requirement and Ui = 
capacity utilization factor.

5. Potential Limit for Bio-Gas Energy  
The constraint function is represented as
∑ Xi ≥ 0.025 Ui × Total energy requirement   (8)
The potential limit for the use of bio-gas energy is considered to 
be 2.5 % of total energy requirement and Ui = capacity utilization 
factor.

6. Potential Limit for Small Hydro Energy
The constraint function is represented as
∑ Xi ≥ 0.025 Ui × Total energy requirement  (9)
The potential limit for the use of small hydro energy is considered 
to be 2.5 % of total energy requirement and Ui = capacity utilization 
factor.

7. Limit of Solar Thermal and Solar Photovoltaic Usage 
for Electricity Generation 
The constraint function is represented as
∑ Xi ≥ 0.05 Ui × Total energy requirement  (10)
The potential limit for the use of solar energy is considered to 
be 5 % of total energy requirement and Ui = capacity utilization 
factor.

IV. Fuzzification, Membership Function and Optimiza-
tion

A. Fuzzification 
For all resources of energy the availability, peak season, lean 
season, for electricity has been considered and worked out. 

B. Membership Function 
The value 1 is assigned for its existence and value 0 is assigned 
for its non availability and the value 0.5 is assigned for the half 
month duration.

C. Optimization
 Once the required information has been appropriately processed 
into usable inputs for the optimization phase of the district energy, 
optimization phase system can be under taken. The District 
energy system problem is a multi-objective problem having the 
yearly minimization CO2 emission and minimization of cost as 
its objective. As the district energy system is multi-objective 
optimization problem, the result will not be a unique solution, 
but a collection of set of solutions. Graphically, the result of a 
multi-objective optimization is represented in so-called Pareto 
Optimal Frontier (POF).

V. Energy Mix Allocation
The energy resources available for the month from January to 
December being: biomass bagasse based, wind energy, municipal 
solid waste, biogas, solar and small hydro power. The capacities 
for the case study of Kolhapur district the load profile is met with 
state electricity grid.750 MW capacity power plant is considered 
as base load which has to be supplied through state electricity 
grid by thermal based power plant. Estimating the renewable 
energy resources capacities in Kolhapur district, its duration of 
years, active days of availability and plant capacity utilization 
factor, monthwise capacity of each renewable is estimated for 
each month of the years.
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Monthwise fuzzy membership functions is assigned to each source 
according to the availability of resource and unavailability for 
each month. Actually MWh generated by thermal based power 
plant and MWh generated by each renewable energy resources is 
calculated. The percentage capacity substitution by renewable and 
percentage capacity availability at present at actual is calculated 
for the month of January to December.

VI. Result and Discussion
After estimation of energy mix allocation, energy mix economics 
and respective CO2 emission, it is necessary to analyze the cost 
per KWh of generation for each source of generation separately 
as well as with mix to other sources keeping energy requirement 
as its constraints.
For analyzing the data generated from energy mix allocation, 
energy mix economics and CO2 emission the four energy scenarios 
are generated as under-

Purely thermal scenarioA. 
Present substitution scenarioB. 
Total substitution scenarioC. 
Expansion scenarioD. 

After generating different scenarios Pareto optimal frontier curve is 
drawn for optimization of different energy resources combination 
with corresponding cost per KWh and CO2 emission.

A. Purely Thermal Scenario
For no expansion in capacity in coal based thermal, and no 
substitution of renewable energy, the cost of electricity per KWh is 
Rs 2.3 for 100% coal based thermal generation and CO2 emission 
is 17100 Tons/day.

B. Present Substitution Scenario
Table 1 represents Present monthwise substitution scenario by 
renewable energy resources. The table consists of energy resources 
and its availability duration of the years. Also it consists of 
percentage present substitution by renewable energy resources 
for the month January to December. 
Table 1, represents the percentage of present substitution by 
renewable energy resources, corresponding energy mix cost per 
KWh in Rs and energy mix CO2 emission in tons per day. This 
table is derived from energy mix economic calculations from the 
month of January to 
December. 

Table 1: Present Substitutions Scenario 
Sr. 
No

Present 
Substitution % Cost/KWh in Rs. CO2 Emission 

tons/day
1 18.42 2.98 14029
2 18.42 2.98 14029
3 18.42 2.98 14029
4 9.21 2.64 15564
5 0.00 2.3 17100
6 1.32 2.32 16875
7 1.32 2.32 16875
8 1.32 2.32 16875
9 1.32 2.32 16875
10 10.53 2.64 15564
11 19.08 2.99 13916
12 18.42 2.98 14029

Fig. 1: Pareto Optimal Frontier Curve for Present Substitution 
Scenario

C. Total Substitution Scenario 
Table 2, represents monthwise present substitution plus additional 
substitution (total Substitution) scenario by renewable energy 
resources. The table consists of energy resources and its availability 
duration of the years. Also it consists of percentage present 
substitution by renewable energy resources for the month 
January to December. 

Table 2: Total Substitution
Sr. 
No

Total 
Substitution % Cost/KWh in Rs CO2 Emission 

Tons/day
1 25.12 3.09 12962
2 25.89 3.12 12888
3 25.89 3.12 12888
4 16.88 2.78 14423
5 7.47 2.44 15959
6 12.07 2.49 15182
7 11.96 2.48 15200
8 11.96 2.48 15200
9 11.96 2.48 15200
10 17.88 2.78 14218
11 25.77 3.1 12850
12 25.12 3.09 12962

Fig. 2: Pareto Optimal Frontier Curve for Total Substitution 
Scenario
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D. Expansion Scenario
Table 3, represents percentage monthwise expansion scenario 
by renewable energy resources. The table consists of energy 
resources and its availability duration of the years. Also it consists 
of percentage of expansion by renewable energy resources for the 
month January to December. It consists of expansion by renewable 
energy resources, corresponding energy mix cost per KWh in 
Rs and energy mix CO2 emission in tons per day. This table is 
derived from energy mix economic calculations from the month 
of January to December. 

Table 3: Expansion by Renewable
Sr. 
No

Expansion by 
renewable %

Cost/KWh in Rs CO2 emission 
tons/day

1 25.12 2.93 17257
2 25.89 2.95 17315
3 25.89 2.95 17315
4 16.88 2.71 17276
5 7.47 2.43 17236
6 12.07 2.47 17247
7 11.96 2.46 17245
8 11.96 2.46 17245
9 11.96 2.46 17245
10 17.88 2.71 17276
11 25.77 2.94 17258
12 25.12 2.93 17527

Fig. 3: Pareto Optimal Frontier Curve Expansion Scenarios

In expansion scenario, for no expansion in capacity in coal based 
thermal, the cost of electricity per KWh is Rs 2.30 and CO2 
emission is 17100 tons per day. Capacity expands by adding 
renewable energy capacity from 100 % to 118.6 % and the cost 
of electricity per KWh varies from Rs 2.43 to Rs 2.95 while 
CO2 emission increases from 17236 to 17315 tons per day i.e. 
79 tons per day.
The different scenarios such as namely purely thermal generation 
scenario, present substitution scenario, total substitution scenario 

and expansion scenario are represented in table 1; 2; 3. It includes 
the percentage of each source of generation for particular scenario, 
energy mix cost per KWh and energy mix CO2 emission in tons 
per day for the month of January to December. 

Fig. 4: Pareto Optimal Frontier Curve for all Scenarios

A. Pareto Optimal Frontier (POF)
Pareto optimal frontier (POF) is graphical representation of CO2 
emission and corresponding costs. CO2 emission in tones per day 
is taken on Y- axis and Cost per KWh in Rs. is on X- axis which 
gives set of solutions belonging to Pareto optimal frontier. It is 
inverse proportion curve between cost and emission that minimum 
cost, highest emission and minimum emission, highest cost.
Analyzing the demand side data and finding the supply side options, 
resources, the fuzzy membership function is assigned to particular 
renewable sources and energy modelling for multiobjective design 
and optimization for Kolhapur district is carried out for further 
analysis. 
It has been estimated the potential for different renewable sources 
and their capacity. Also it has been identified that the scope for 
substitution or expansion in capacity.
Fig 1; 2; 3; and fig 4 shows the distribution of Pareto optimal 
solutions. Its horizontal axis indicates cost per KWh of energy mix 
in Rs and vertical axis indicates corresponding CO2 emission in 
tons per day. Cluster containing dots in fig-4 indicates the Pareto 
optimal solutions of this case study. There is the relationship of 
trade-off between these two complicating objectives. In order to 
optimize the cost per KWh, two constraints capacity substitution 
by renewable energy resources and CO2 emission have been 
studied. It is expected that such methodology can provide set of 
solutions to make decisions in practical design process.

VII. Conclusion
The energy planning mechanism takes into account various 
resources available and demand. The energy planning endeavor 
involves finding a set of sources and conversion devices so 
as to meet the energy requirements in optimal manner. There 
are several external and internal parameters of economy and 
environment involving various constraints affecting in the longer 
term. By introducing membership function of Fuzzy logic the 
non-linear functions are converted into binary forms. Fuzzy logic 
programming membership function model structure can result 
outcome which can be used for proper estimation of capacities 
based CO2 emission and cost per KWh.
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The method such as fuzzy logic membership function programming 
is capable of producing a much more useful set of inputs for use in 
energy policy analysis and decision making. Fuzzy programming 
model has been used for energy planning for energy resources 
allocation in this model using three fuzzy objectives namely 
minimization of cost/KWh, minimization of CO2 emission, 
maximization of locally available renewable energy resources and 
seven constraints such as energy requirement in different sector, 
limit of solar thermal usage for electricity generation, potential 
limit for bio-gas energy, potential limit for bio-mass energy, 
potential limit for municipal solid waste energy, potential limit 
for small hydro energy, potential limit for wind energy, potential 
limit for solar energy.
Four different scenarios which are purely thermal scenario, present 
scenario, substitution scenario, and expansion scenario have been 
generated to find the optimal resource allocation based on the 
energy requirement and potential of local renewable resources.
In view of the energy shortages and environmental impacts of fossil 
fuel used, the concept of Integrated Renewable Energy Sources 
(IRES) has been considered for the typical Kolhapur district, 
Maharashtra, India as a representative case. Kolhapur district 
area has been supplied by state electricity grid (MSEDCL) for 
the meeting their energy needs. The unit cost of energy from each 
resource has been calculated on the basis of available resources 
and the demand of the area surveyed. An IRES model consisting 
of SHP, SPV, CSP, BG, WES, and BES has been constructed and 
optimized using fuzzy logic membership function technique. The 
results obtained from Pareto Optimal Frontier (POF) indicate that 
model has provided feasible set of solution for purely thermal 
scenario, present substitution scenario, total substitution scenario 
and expansion scenario.
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