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Abstract

We present a new approach to determine the eliggtgeneration technology options to be added,wahere in the
grid, they should be constructed for a single mknoulti-objective generation expansion plan. Theppsed

approach minimizes simultaneously multiple objezdivsuch as cost and air emissions. Distributed camdral

energy generation technologies are both considasea part of expansion options to explore the liteakiising

distributed energy resources. Unmet demand is etswsidered in the objective function so that theppsed

approach considers the reliability of the systemisThew approach is used to find the Pareto fronttie multi-

objective generation expansion planning problerhéhplicitly considers availability of the systemmponents and
operational dispatching decisions. Monte Carlo &ition is used to generate the component avaitglsitienarios,
and then, the mixed-integer optimization problersdlved to find optimum solutions considering thesenarios.
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1. Introduction

The electricity generation expansion planning (GEiRblem is defined as the problem of determinihg t
generation technology options to be added to astiagi power generation system, and the time aratitmt where
they should be constructed to meet the growingggnéemand over a planning time horizon. The GEPlpro is a
highly studied problem, where many of the studsu$ on finding the least cost expansion plan. Hewethere
are many conflicting objectives in the GEP problaich as environmental impact, reliability, importad|, safety
and so on. Moreover, there are uncertainties as®acivith the input data such as demand forecaatsr flows to
reservoirs, input fuel prices, system componentufai and others. Therefore, a multi-objective, k#stic
optimization method is desirable to solve the GEsblem.

Kagiannaset. al. [1], Zzhu and Chow [2], Hobbs [3], and Nara [4] pie a survey of modeling techniques
developed for GEP. Malcolm and Zenios [5] proposeogtimization model to produce robust power system
capacity expansion under uncertain demand. Sirignch Techanitisawad [6] and Paat<al. [7] apply a GA-based
heuristic to solve the least cost GEP problem. BId8] and Firmo and Legey [9] apply generalized &g’
decomposition. Antunest. al. [10] models the GEP problem as a multiple objectimixed integer linear
programming problem. Mezat. al. [11] proposes a model for the multi-period multjexiive GEP problem. Meza
et.al. [12] presents a framework to determine the setasf-elominated solution for single-period multi-olijee
mixed integer nonlinear GEP with Kirchoff's Law.rg#i et. al. [13] compares the performance of the centralized
and distributed generation systems under varioreddeof stress using Monte-Carlo simulation.

In this study, we describe and solve a single penulti-objective mixed integer GEP problem. We wuselti-
objective optimization to minimize the cost, and #mvironmental impact, namely the &Md NQ emissions. The
CO, and SQ emissions are largely generated from coal burnamg therefore, the S@mission is highly and
positively correlated with the GCemission. Therefore, we implicitly consider minaimg the SQ emission by
minimizing CQ, emission. The forced outages of the system commpsrere explicitly considered as a part of
expansion planning problem. Monte-Carlo simulatisrused to generate scenarios based on the umtertHi



availability of the system components. A two-statigchastic programming model is proposed to sdieeGEP
problem. Our previous work Tekinet.al.[14] presents a similar model for multi-period GgE@blem. Here, we
solve single period GEP problem with large numbfescenarios and provide a new approach to genscatearios.

2. Single Period Multi Objective Generation Expansion Planning Problem

The focus of this research is to integrate relighifeneration expansion and dispatching deciswinise reducing
air emissions, and to consider supplementing thstieg centralized system with distributed powengm@tion.
Distributed power generation involves the use odltan generating units located closer to energysuse

The topology for existing central system studiedehis the same as in Zerrifigf. al. [13]. The existing system
consists of central generation units distributecolagnten power groups. These generation units h#ferent
technologies. The energy generated in these poweeipg is transmitted to the distribution systemtréasmission
lines. Some of the generation units use naturabhgdsel. For those, we also consider the samealaas network
presented in Zerriffiet. al. [13]. The transmission pipelines from natural gesage feed the five power groups
which contain natural gas burning generation ufiteere are 273 independent local load blocks aedetHoad
blocks are connected to the area grid by the Higidn lines. There is a similar natural gas nelwas in Zerriffiet.

al. [13] providing natural gas to these load blockse Transmission pipelines are used to transmitrabgas from
storage areas to 13 city-gates. Each city-gatethivae sub-transmission mains, each of which feedsrs micro-
grids. The distribution pipelines are used to istie natural gas from city-gate to sub-transmissimains.

3. Monte Carlo Simulation

The study objective is to integrate reliability brsis with expansion planning and dispatching deois Therefore,
we propose a simulation based optimization approd&hgenerate numerous scenarios considering diabiity
of the system components. Since reliability israpartant issue when the demand is high, we are mtaeested in
the unit availabilities in those hours. Therefore, divided the load duration curve into subperiadd assign the
highest demand in that interval as a scenario ddmath corresponding probability. We use the hightesmand to
account implicitly for reserve margin constrainte the system. For that demand, the system cam beny
availability status. We generaly, number of availability scenarios for each seleatethand interval and assign a
probability for each scenario obtained by divididgmand probability by the number of availabilityesarios
generated. Then, we calculate the adjustment falegtfining the number of hours represented by eaehasio by
multiplying the probability of each scenario by tfaeal number of hours in the planning horizon. Tigher the
demand, the more availability scenarios are geeerdthis is an improved scenario generation metooapared to
that presented in Tekinet. al. [14].

The system components whose failures are consideedeneration units, transmission lines, distigoulines,
transmission pipelines providing natural gas tatredized units, transmission pipelines providingunal gas to city
gates, and sub-transmission pipelines deliveringrahgas to sub-mains. We assume that the backbbmiee
transmission and distribution grids and the micridsy which transfer natural gas from sub-transioissnains to
local load blocks, are always available, similazéoriffi et. al. [13].

Some of the parameters used in mathematical modedaenario based; and they are obtained from MGatk
simulation. In each scenario, uniform distributaddom numbers between 0 and 1 are selected forceaghonent.
If the chosen number is smaller than the unavditglaif the corresponding component, this comporigr@ssumed
unavailable for that scenario. The parameters lagid dlefinitions are presented below.

¥,: Satisfiable demand in scenari@alculated aszlean, x|, () whereD,, is demand selected for local load block
[ in scenaria; andl, () equals 1 if distribution line of load blotks working in scenarin, O otherwise.

@, Locally satisfiable demand at load bldci scenarim calculated byD,; x(1-1, (1)) for each load block in the
set of ] which represent the load blocks where distribgfexeration unit can be located.

vnk: Available capacity of central unk in scenarion calculated byA, xZ, (k) xR, (gr,)*xY,(gr.) if unit k uses
natural gas and by, xZ, (k) xR, (gr,) if not where) is capacity of central unk; gr¢ is power group number
where unitk is located;Z,(K) equals 1 if generation urlitis working in scenario, 0O otherwiseR,(gry) equals 1 if



transmission line from power group, is working in scenariam, 0O otherwise; an&,(gr,) equals 1 if natural gas
transmission pipe to power grogp is working in scenario, 0 otherwise.

W,;: Available capacity of distributed unjtlocated at load block in scenarion which can be used to meet
satisfiable demand calculated lmy] xQu (DXxH, ) xK,(d)xI,() for each distributed unit in the set if unit

uses natural gas, by xQ, (j)xI,(1)if not, wherew;; is capacity of distributed unjtlocated at load block Q,
IJ nl n J

equals 1 if distributed generation upiocated at load blockis working in scenaria, 0 otherwiseH,(t) equals 1 if
natural gas transmission pipe serving load blbék working in scenarim, O otherwise; an&,(d) equals 1 if
natural gas sub-main transmission pipe serving bdack| is working in scenario, O otherwise.

Fny: Available capacity of distributed urjitocated at load blockin scenarion which can be used to satisfy only
local demand calculated ij xQu () xH, () xK,(d)*x@-1,()) for each distributed unit in the set if unit

uses natural gas, l;uyj xQu () x@-1,())if not.

4. Mathematical M odel

The problem is to determine an optimal expansi@n gliven the objectives of minimizing cost and mmizing

undesirable air emissions. The individual objectiege scaled and combined so that a single obge@tinction

problem can be solved. The weights to combine nbdevidual objective functions are varied to deterena Pareto
front. This is an effective approach if the Parétmt is convex. In this manner the trade-offs iwed can be
explicitly considered, such as the relative incegascost corresponds to a decrease in greenh@ssengissions.

4.1 Multiple Objective Functions
The first objective is to minimize the total co€4) consisting of investment cost, fixed O&M costngeation cost,
unmet demand cost and revenue from the steam.
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S 8, andhg; wi;, b andmy; are the investment decision, investment costfxed O&M cost of a central unit type

g and of a distributed unjtlocated at load blockrespectivelygy is the fixed O&M cost for existing central urhit

Q is the total number of centralized generation iwesit options,) is the total number of distributed generation
investment options available at local load blb@ndK is the total number of centralized units in exigtsystem.

X is the generation amount of existing central wpek in scenaria. uy, is the generation amount (MW) of new
central unit typeg in scenario. yy; is the generation amount (MW) of distributed ugjiej located at load block

to meet satisfiable demangl; is the generation amount (MW) of distributed ugjtej located at load blockto
meet local demandy, eq andd; are the generation costs ($/MW) of existing cénirat typek, new central unit
type g and distributed unit typprespectivelyyv, and 7, are the unmet satisfiable demand (MW) in scenargmd
unmet local demand at load blocin scenaria respectivelyfis the cost of not satisfying the demand ($/MWR/)s

the set of distributed generation units with coegation capabilitiesis the proportion of generated energy can be
used to receive benefit andis the revenue obtained from the usage of steaMW§/ pr(n) represents the
adjustment factor for scenanio

The second@,) and third objectives(;) are to minimize the amount of G@missions and NQOemissions
respectively. They are determined as follows.
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Cw Eq andD; are the amounts (Ibs) of GPer MW generated by existing central unit tjp@ew central unit typg
and distributed unit typgrespectivelyFy, Gy andH; are the amounts (Ibs) of N@er MW generated by existing
central unit typeék, new central unit typg and distributed unit typjerespectively.

The three individual objective functions have difet units and scaling. Next, the objective funasi@re linearly
scaled between 0 and 1. Then, they can be comimit@@ composite objective functiow, represents the relative
weight assigned to each objective function. Theghvsi can be varied to reflect any different decisinaker
preferences or to explore the possible trade-affaiben different plans and preferences.

4.2 Problem Formulation

The mathematical formulation is presented belowe ®hjective is to minimize the weighted summatidrihoee
scaled objective functions over nine sets of camsts. The first set of constraints is for satisléa demand
constraints. For each scenario, the total generaii@ unmet demand should be at least as mucte astisfiable
demand for the corresponding scenario. The secatnof €onstraints is for locally satisfiable demaktbm third to
sixth, the constraints limit the generation frora #xisting generation units, new central units distfibuted limit
by the corresponding available capacities. The m@mg constraints are for nonnegativity and binaayiables.
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5. Numerical Example

To demonstrate the model, we solve an example gmoldbr a single decision period followed by 15 weaf
operation. In the example system, there are 50 d@cks where the distributed units can be locatéd.considered
internal combustion (IC) engines (0.5 MW each) iatrithuted generation units. The engines use nagiasas fuel
and have cogeneration capabilities. In order toimiize the binary decision variables, we consideiding 25 IC
engines together and consider the capacity of tbgilslted generation as binomial variables. Thehtelogies
available to add to power groups are Qil/Steam (0A¥), Coal/Steam (155 MW), Wind Turbines (50 MW),
Nuclear (400 MW), Combined Cycle Gas Turbines (CCGTMW). The existing system consists of 32 genenat
units consisting of Oil/CT, Oil/Steam, Coal/Stea®@CGT and nuclear. Total existing capacity is 3405MMé use
the same capacity, unavailability, cost and emissibaracteristics for each generation units asdkirier et. al.
[14]. We assume that 30% of wind generation capamh be used to generate electricity [15]. In gtisdy, we
assume that the system has sufficient transmidisiercapacity. However, installation of wind turbBimay require
adding new transmission lines to the system. Assalt, we increase the capital investment costhifewind turbine
by 30%.



The load model presented as the IEEE Reliabilitgt T®ystem is used. We divide the load model intmatel
intervals and calculate the probabilities for eathrval. Table 1, the demand intervals, correspangrobabilities,
number of scenarios generated, and adjustment fatqresented.

Table 1: Demand interval and corresponding prokiasl

[i)rﬂg?rzi I(;lftg/;vgfls Interval # of ScenariosAdeStmem ?ﬁg?;i Igftg/;vgfls Interval #of |Adjustmen
Prob. Factor Prob. | Scenario§ Factor
peak load demai peak loa
1.00 0.01 600 2.19 (0.60,0.70) 0.23 150 201.48
(0.95, 0.99) 0.01 450 2.92 (0.50,0.60) 0.21L 75| xB7
(0.90, 0.95) 0.02 375 7.008 (0.40,0.50) 0.2p 45 542
(0.80,0.90) 0.11 300 48.18 (0.33,0.40) 0.0B 30 431,
(0.70,0.80) 0.16 225 93.44

Demand for each scenario is determined by multiglypeak load demand with the highest percentagénén
interval. The peak load demand in this problem88®MW and we also assume that demand increasen &&ch

year. The cost of not satisfying demand is assuaset),000 $/MW. We also consider that 50% of enprgguced
by distributed generation units can be used to bamefits from the steam, and in our model, thdippper MW by

using steam is approximately 60% of energy germratost from IC, i.e., 15.91 $/MW. Since the peraathsists of
15 years, the cost parameters for fixed operatimhraaintenance cost are adjusted accordingly.

The Monte-Carlo simulation is coded by using C+4¢cidsoft Visual Studio 2005. GAMS/CPLEX is usedsmlve
the mathematical model. The problem was solvedideriag 26 different weight combinations as presdnin
Table 2. In case 26, the problem is solved onlyieimize the total cost. In other scenarios, thégivefor cost is at
least 0.5. Also, we assume that only one nuclearepglant can be built over the 15 year planningZom. The
objective function values for the Pareto-front $iolus and expansion plan are presented in TablBegision
makers can choose the solution that is the mostoappte given their preferences. Our analysisraviging the
trade-offs between each objective function.

Table 2: Case numbers and corresponding weight ic&tibns

# |CostCO, NO, |# |CostCO, NO|# |CostCO, NO, |# |CostCO,|NO,|# |CostCO, NO
110 O 0t |6 |06 O 0.4 (11|07 © 0.2 |16/0.6 |0 |0.Z (21|0.c O 0.1
2 |0.E 0.12£0.37¢|7 |0.€ 0.1 0.2 |12|0.7 0.07t 0.22%17|0.8 |0.0%|0.15{22|0.€ 0.02f 0.07¢
3 |0.E 0.2t 0.2t |8 |0.6 0.z 0.z |13|0.7 0.15 0.1t |18|0.8 |0.1 |0.1 [23|0.¢ 0.0t 0.0%
4 |0.E 0.37£0.12t{9 [0.€ 0.2 0.1 [14|0.7 0.22f 0.07%{19|0.€ |0.1E£|0.0E|24|0.€¢ 0.07t 0.02¢
5 |0.E 0 O 10/0.€ 0.4 0 [15/0.7 0.2 O 20/0.8 |0.z |0 |2E|0.¢ 01 ©
Table 3: Objective function solutions for Paretor for GEP solutions and expansion plan
Cases . Q(_)st (6{0)) NOy SO, Numbers of Units Added to Syst:
(in billions $)| (thousands (thousands (thousand| Nuclea Wind CCG1 DU
1,6,7,11,12,13,1 18.2¢ 89,60( 85 17¢ 1C 50x2E
23,6 22.02 62,20( 53 95 1 1C 50x2E
4,€ 22.01 61,60( 52 92 1 1C 50x2E
5 24.01 50,80( 66 4C 1 9 1C 50x2E
10 22.01 59,10( 87 48 1 1C 50x2E
15 18.2¢ 84,00( 17C 84 1C 50x2E
16 18.0¢ 91,70( 91 201 9 50x2E
17 17.72 94,90( 107 297 9 50x2E
18 17.97 92,50( 99 264 1C 50x2E
19 17.3¢ 100,50( 12¢ 372 7 50%2E
20 17.6: 90,20( 25E 12¢ 6 50x%2E
21,22,23,2 16.7¢ 125,90( 20¢ 69¢ 50x%2E
25 16.7¢ 122,80( 254 64t 50x%2E
26 16.6¢ 138,50( 302 861 50x2E




The investment decisions are changed based oivesta¢ights on cost, CCand NQ. When the relative weight on
cost is high, there is no central unit investmafthen the weight on cost keeps decreasing, the raystarts
choosing to build CCGT. When the relative weight@@, emission is high, the expansion plan includesdiugj
nuclear plants and when the weight on,@®at its highest value, wind turbines also becarpart of expansion.
When the objective includes only cost and,Nnission, the investments are only made in CCGfis.dispatching
decisions also change with the Pareto solutionstributed generation units (IC engines) are useddet satisfiable
demand when N@emission is not part of the objective function.&rDil/Steam units have the second lowes} NO
emissions, for the combination where the objectivection includes N@Q Oil/Steam units are used to satisfy the
demand despite their high variable costs. Nuclelntp and wind turbines are both economically and
environmentally beneficial (in terms of air emiss), and therefore, they are used to their capépiits when they
are available. Coal burning units have low variadiet; therefore when the objective is only to miizie the cost;
they are used as much as possible. However, they/tha highest C&emissions and relatively high N@mission.
Therefore, the usage of coal burning units is lowhile the relative importance of the gas emissisrnisicreased.
CCGT usage increases with an increase in the impogtof reduction in gas emissions and its highsstie occurs
when the objective is to minimize cost and N{Dd the cost has its lowest level of importance.

6. Conclusion

In this study, we solve the GEP problem as a twgeststochastic programming problem to integratabiity
analysis with the expansion planning and dispatipiroblems. We use multi-objective optimization apply the
model to solve a problem to present the tradeiwdtsveen the cost and environmental impacts. Tharestpn and
dispatching decision changes are based on théveelatportance of the objectives. The results shioat when the
importance of reducing gas emission is increadsal teéchnologies with lower gas emissions are biiittere are
numerous possible extensions of this work. Decoiitiposmethods can be applied to solve multi-penwdblems
with a larger number of scenarios. Uncertaintied sk measures can also be included into the degtmodel.
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