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ABSTRACT

This paper presents a Mixed Integer Linear'ﬂrogramming model for
selection of snergy system and allocation of energy that satisfies enargy
needs of multiple end—useé at a location and wminimizes the sum of
anmual Fixed and variable costse The energy generc :ion and distribution
is modelled as two stages of energy transfer, i.e. the energy generated
at first stage energy systems is distributed sometimes via ;econd stage
energy systems to the ultimate end~uses. The model ingludes several
tim; periods during a year to realistically cccommodate dif ferent
efficiencies of energy systems and varying energy demand during different
periods of a year. Application of the model to four villages is
discussed. Sensitivity analysis is presented indicating the sansitive
arsas which need attention of developmental agencles and which can

contribute towards reducing the energy costs amd ecncourage utilization

of local encGrgy rescUTCESe



1. Introduction

In developing countries like India, decentralized energy systems
are used to satisfy significant portion of rure” energy needs. Efficiant
decentralised energy systems which use local energy resources are
encouraged by the government to conserve the nationally scarce fusls and
centralized electricity. Gptiﬁizatinn modals for energy planning have’
bsen reported /9_/ and /7.7 both for micro and macto level planning and
even with multiple objectives /T0/. Simulation model with uncertainty and
considering hoh—conventiopal enerqy systems also have been attempted /6 /7 .
The prablem considered in this papsr and the optimization model proposed
are pertinent to the developing countries, The problem considered is to
salect energy systems and distribute energy to multiple end-uses at a
location with minimum cost, The model is essentialiy for making optimal
micro level and decentralized decisionsy however, sensitivity analysis
using the model can provide insight and important implicétinns for macro

level planning for energy.

The model provides optimal decisicns for a location, Energy demand
for the location is considered to be angregate of demands for four end-uses,
namely (i) cooking, (ii) hot water, (iii)} irrigation, and {iv) electricity.
For sach end-uss, energy is supplied by various ensrgy systems, Energy
systems are classified in twoc types (i) primary energy systems which generate
enargy, and (ii) secondary energy systems which are required to transfer,
in some cases, the energy produced by the primary systems to end-uses.
Various energy systems are available in several discrete sizes. Primary

energy systems used ares (1) Solar cooker, (2) Wood ztove, (3) Kerosene stove



(4) Biogas plant, {5) Solar hot watcr system, {6) Wind mill, (7) Diesel

Engine, (8) Gasifier engine, (9} Photovcltaic cells, (10; Centralized

Electricity (to the extent available).

Secondary energy systems used are: (1) Biogas bur .er, {2) Dual-fuel

engine, (3) Pumpset, (4} Generator set, (5} Fotor pumpsets

2, fodel

Ensrgy systems are aveilable in discreie sizes, e.n. diesel eﬁﬁines
are available in sizes 5 kilowatt (KW}, 10 Ky 25 KW, etc. with higher
sizes pffering sconomies of scale, Esch ensrgy system of a given size has
8 known Tixed coste. Variable costs of running the varicus energy systems
are significantly different. Energy system efficlencies and demand for
various end=uses are different during differsnt time periods in a yeare For
example, biogas system during winter months operstes at sixty per cent of
its normal efficiency durino rest of the year. Similarly, irrigation dgmand
during monscon segason is different compared to rest of the year. Hence the
model shoyld accommocate severzl periods cof a year., Alsc the model should |
include constraints an resources, cspocially local resources wood and
gobar (i.84 dung or any other biomass Usable as input Yo a biogas plant)

which have restricted avajlability.

The problem modelled thus is to selzct primary and secondary energy
gystems of éppropriate sizes to satisfy snergy needs of a location in svery
time period-using resources ro more than availakle in a given time period

and allgcate ensrgy te various end-uses in diffocrent time periods so as to



minimize total annual costs, i.e. the sum of anfual fixed costs and
\wariable costs, As the fixed and variable costs are involved, the problem
is modelled similar to a fixed charge problem like locationeallocation

problem with Mixed Integer Linear Programming (MILP) formulation 0.7
zﬁ{j’;@:}t As the supply of energy from an energy system to an end-use is

sometimes uia a secondary system, the energy generatiopn and distribution
is modelled as a tuwo stage systom as illustrated in Figure-=1, which is
Comparable in a plant location=allocation problem to a situation of
supplying multiple commodities from a plant to difforent markets via

warehouses located at some intermediate distribution centres L3 7 [Au7,
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The model is based on following assumptionss

2¢1 Modsl Assumptions

Te A year is divided into several time periods to account for
differcnt efficicncies of some energy systems znd differsnt
wnergy demands for each end-usc in different time period of

a year.

2.  Each primary and secordary energy system has spocified

capacity during a period,

3s For each energy system, the amount of raw materisls used and
variable costs are proportional to the amount of snergy

supplied,

4s Given the energy Suppiied by each energy system, the total
cost and energy supplied are sums of costs and anergy

supplied by sach sources



The erergy generztion and distribution to the village
is as illustrate:d in Figure=1 below.
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5. Fixed cast of a primary ~toergy system ie charged if and only

il the system supplics po: itive aomount nf b roy.

6s Fixed cost of a secondary cncraoy syst.. is charged if and
only if any primary encrdy systtm supplics positive anergy

to an ond=usp vie that sccondary eniargy syst me

7+ The demand for each end-use during ecacy period must be
satisfied.

Legend and variable and co-efficient dofinitions

P = MNumber of primary energy systems,

1 = Index rumber for primery encrgy system -
i = 1,2,.-..,;‘

Mumber of sizes of ith primary cnergy systoms

ni =
] = Irndex rumber for sizes aof pach primary systam,
fFor 1th primary systcm J = 1,2,....,ni »
d = Mmber of End-uses reguiring enorgy.
k = Index rumber for er. -usce = K = 1,2,4 .,de
e = MNmber of time perisds in a yer. .
t = Index mumbor For time neriod = £ = 1.2, 40000
q = Mumber of secondary enirgy SySLEmS,.
1l = Index number fur secondary cnocry System ~
l= 132y 0005G0
. th
my = Mumber pf sizes of 1~ secondory energy system.
8 = Index rumber Tor sizes of sach secondary systom,

For the lt'h accondary system - 5 = 1,2, LI

h = Mmber of raw matorials used by onergy systemg,



T = Index numbar of raw materials = © = 1,2, «seyhe
YiJ = MNmber of units O primary energy system i of size j.
Fij = Fixed cost (anmual) of installing a primery energy

system 1 of size j.

le =  Mmber of units of secondary power system of type 1
and size s,

GlS = Fixed cost {anmual) of installing a secordary energy
system of type 1 aid size s,

Xyt = Amount of -energy supplied anmually by a primary anergy

: system 1 to erd-use k in a poriod t,

Cikt = Variable cost of using 2 unit of cnergy from onergy system i
for end-use k in time poericd t,

Uth = Capacity of primery energy system of type 1 of size J in
time period t.

U’st = Capacity of secondary unergy system of type 1 of size s
in time period €.

Bty = Raw material of type r requirad %2 supply ? unit of
energy Sy primary energy systa: i to end-use k in peried t.

Art =  Availability of raw matericl of type r in time
period t,.

Dkt = Energy demand of end-use k in poriod t.

The problem of optimal selection of energy system and allocation of

anergy to several end-uses is formulated as tindene



2.3 formulatign

Minimize Anrual Cost

7z = L I I g . x . 4% I £ X G 7 evese (1)
{1 Kkt ikt "ikt i ij 1 . is 1s
Subject tos
Primary Energy System cepacity constreints
| :: xikt-;“uijt Yij < O3 I =1,2,0000 T XIY {2)
A 1,2, seeyE
Secondary Energy System copacity constraints
z 7 z Xikt - I Ulst lej 02 1 =1,2;0eer O3 sesse (3)
i € I k [ K 8
t —i 1’2’ .'., e'
Where
K = {k t k = all indicus of end-Uses which ean be
- stpplied by a secondary system l‘) -
—_
I = t 1 = &ll indices of primary energy system which

can supply to a corresponding keK via
secondary encrgy system l_} .



Raw Materials availability constraints

r 1524 aneyiif TXYY]

i lf 2 ktr Nikk < Argl
t =1,2,400508,

s gﬂnd Constraintss

Xikt > Dkt § ko= 1,2,..., dg t = 1325000y 2, saens
i - .

Non~negativity and Integer Constraintss

xikt > D; i = 1,2,...,“‘3 k = 1’2"n!i’d; t = 1’2,0.0,@0 [ F N XN}
Yij 3. G; and free inthEI'; i= 1,2,..-,n;’ ,j = 1,2, sy ni- seses
le » 3 and free integer;y 1 = 1,2,essy g and

®
!

1325000y ml-

3. Application
An application of the model is made to four villages in INndia. Energy
Demand for these villages was estimated by a survey., For each villagse,
energy demand was estimated for four end-uses, namely cooking, hot water,
irrigation, and electricity. For this application, twenty one primary
snergy systemeséze . combinations and six secondary energy system-size
combinations are considered which are represented with twenty seven integer
variables. A yezr is divided into three time periods nearly eoinciding

with three major seasons. Energy allocation in this application requires

(4)

()

(6)

(7)

(8)



forty two real variables, The problem was solved for each village using
& MILP computer code based on branch—and-bound algorithm /747 /57 on
VAX 11/730 computer, The average CPU time for a computer rum was 1 minute

30 seconds,

3e1  Summary of Optimal Results
The analysis of optimal selution given by the model for four villages

revealed thats
(1)} Solar cookers were selected for all villages,

(2} For all four villages, the local energy resources welfs found
to be inadequate, i,cs constraint relating to these resources

had no slack at optimality,

(3)  Gasifior based systems and dual-fuel engines which use weod

and gobar respectively were not selected in any village,

(4} Cost per unit of energy was significantly lower {up to
twenty five percent) for a village having relatively higher
availability (ises in proportion to enargy demand) of. local
energy resaurces compared to a villace having relatively lower

availability of local energy resources,

4e  Sensitivity Apalysis

Analysis of optimal results for four villages suggested that the energy
costs are sensitive to the availability of local energy resources.
R sensitivity analysis with regard to the availabilify of local energy
resources was first attempteds The problem wes solved for cach village by
ralaxing the resource availabilitiss to different levals, _The reosults of

sensitivity analysis wero significant and sugoestod the followings



"

(1) The energy custs are quite sensitive to the availability of

local biomass resources,

(2) If wood is made freely available at cufrent matket price,
then the unit cost of energy can be reduced upto

twenty percent.

"(3} Even when wood is freely available, wood based gasifier

systems were not selected feor any village at optimalitya

(4) If gobar is made Freely available then energy system selection
changes almost totally such that for every cnd=use only bicgas
based systems are selected at optimality and cost per unit of
energy is reduﬁed upto forty percent,

441 Implications for national planning

Micro level data was used in applying our modél to four villages,
The sensitivity =znalysis, however, has implications for macro level netiona
planning. Results cf sensitivity analysis clearly suggest that
governmental authorities and varicus developmental agencies in thg country
dealing with encrgy programs must make efforts to develop suitable local
biomass resourcess Such efforts cen offer st_stantial financial benefits
;nd at the same time can encourage the decentralised energy systomse
Sensitivity analysis alsc suggeshs that gasifier based systems, with the
present cost structure, are not selected at ontimality. However, since
gasifier systems use wood efficiontly and can save substantial guantities
of nationally scarce energy sources such as diesel or centralized electricity,
goverrmment agencies have shown intcrest in subsidizing such systems. 1In

facty, govermment has been subsidizing several noneconventicnal energy

systems in the country., Hence, sensitivity runs were made at different
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levels of subsidy on gasifier unit to assess the minimum amount of aubs;dy
that can ensurce the selection of gasificr based systems hoth for irrigation
and electrieity needs. I wood availability is canstrained at the present
level then the gasifier is not selscted at sny level of subsidy, since the
auailablé wood iIs allccafed at optimality mainly for cooking needs. But
when wood is made froely availsble at ocurrent market price, thsn the
gasifier systems are selccizd both for irrigaticn snd elﬂctrgcity needs at
forty percent subsidy, This anamlysis sudgests that the scornomical selection
~of gasifisr system would requirs the government action to make wood
available (e.g. through fuel-plantations) and by providing et least Forty
percent subsidy to gasifiore GSeonsitivity analysis with gobar availability
clearly demonatrates that significant savings can be made by improving the
presant gobar collection method and more so by developing aliernate biomass
usable as input to biogas plantse The sensitivity analsis using tha model
thus is very helpful in indicating the various arecas requiring attention of

national planners and the type of Jovernmgntal ections needed in these sreass

5 Conclusions

The BILP model developed in this napsr gives selection of encrgy systems
and allocation of energy to multiple cad=usss during different periods of
a year which minimizeos anmual cost of meeting ensrgy necds of a location.
The model is general and can accommodate any number of energy systom=size
cumbinations, enc=usps and time periods during a yozr. The application of
the model is made te four vilicgess The amalysis of results aof this

application and sensitivity analysis using the model indicates important
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areas stich as development of bicmsss resources, government subsidy to some

anergy systems gtc., which can be most beneficial,

At present further work is being dene to formulates a model for the
problem of multi-period dynamic selsection of encrgy system and allecation
of énergy és.méll as for developing a2 gozl programming models In India, the
coming five year plan envisages a major effeort in promoting none
conventional and decentralized energy systems. The operations rescarch
nodels thus are expected to contribute to the nationael ef fort planned in

the energy field in India.
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