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ABSTRACT

This paper suggests a novel framework to co-optimize the power and heat in smart cities considering the
local air pollution from energy generation units and traffic fumes. To achieve the aim, a smart city com-
prised of power and heat generation units is addressed. The energy system of the smart city can be con-
nected to the main grid or be operated as a stand-alone power system. Connecting to the main grid, the
city trades power in the wholesale electricity market with price uncertainty. In order to co-optimize the
operation cost of energy units and to control the pollution levels of the urban area, a Combined Economic
Pollution Dispatch Problem (CEPDP) is developed. The CEPDP is optimized under air pollution constraints
from both energy generation units and traffic fumes. Increasing the applicability of the suggested
approach, pollution density is addressed using the Box model while the wind speed and surface rough-
ness influence on it. To solve the CEPDP, a multi-objective Non-Dominated Sorting Genetic Algorithm
(NSGA 11) is proposed. The suggested approach is implemented in a virtually-designed smart city located
in the center of Iran. The results show that although the use of distributed generation decreases the global
emission all over the world, it transmits the air pollution from suburban areas to cities increasing the
local pollution. The two conflict objectives, i.e. global and local pollutions, may change the operation
of distributed generation to meet the local environment requirements of cities.

© 2020 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
1.1. Problem description

Recently, the penetration of Distributed Generation (DG) has
been increased in power systems all over the world [1]. From the
viewpoint of energy generation, the DGs take advantage of cost
and reliability. In contrast, from the viewpoint of air pollution,
urban power generation increases local sulfur/carbon dioxide
emissions in urban areas. Therefore, the major challenge is that
when the DGs are substituted for the large-scale power generators,
the pollution is transmitted from suburban areas to cities. It is con-
firmed that DG exploitation decreases global emission [2]. But
from the viewpoint of urban pollution, the DG operation increases
the local pollution in urban areas. The situation may be deterio-
rated in large cities with high traffic fumes. As a result, the DG
deployment decreases the global emission and increases the local
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pollution in some time durations. In fact, global and local pollu-
tions are two conflict objectives that should be more studied. As
a result, it will lead to severe pollution problems which can dam-
age the inhabitants’ health seriously. Consequently, bringing DGs
to the cities without emission control puts the health of people
at risk. It is evident that the emission control may deviate the
energy dispatch problem from optimum points. It is interpreted
as the cost of local pollution control for cities. Therefore, energy
optimization in cities without local pollution control may fail to
be applicable in reality. To meet the challenge, the local pollution
constraints should be incorporated into the energy management
problem of urban areas.

1.2. Literature review

The urban supply systems are normally comprised of renewable
energy resources, conventional thermal/heat generation units,
storage devices, and a number of loads with a two-way communi-
cation system [3]. In a smart city, when local energy generation, i.e.
power and heat, is more than local consumption, the city can sell
the surplus of energy to the main grid as a wholesale market par-
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http://crossmark.crossref.org/dialog/?doi=10.1016/j.jestch.2020.08.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jestch.2020.08.004
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:hessamgolmoh@cs.aau.dk
mailto:rkeypour@semnan.ac.ir
mailto:rkeypour@semnan.ac.ir
https://doi.org/10.1016/j.jestch.2020.08.004
http://www.sciencedirect.com/science/journal/22150986
http://www.elsevier.com/locate/jestch

H. Golmohamadi et al./Engineering Science and Technology, an International Journal 24 (2021) 372-383 373

ticipant. Adversely, if the local generation cannot meet the local
demand, the city purchase deficit of energy from the main grid [4].

Considering the DGs, Economic Load Dispatch (ELD) is an essen-
tial task not only in current power systems but also in future smart
cities with higher DG penetration. The ELD aims to optimize power
flow in power networks at minimum fuel cost. The ELD can be in
various forms including Convex Economic Dispatch (CED), Non-
Convex Economic Dispatch (NCED), Economic Emission Dispatch
(EED), Emission constrained Economic Dispatch (ECED), and Com-
bined Economic Emission Dispatch (CEED). To solve the ELD prob-
lem, two kinds of solution methodologies are used in the literature
as (1) mathematical optimization approaches (2) heuristic
methodologies. Regarding the mathematical approaches, Linear
Programming (LP) [5], Non-Linear Programming (NLP) [6], Mixed
Integer Linear Programming (MILP) [7] and Dynamic Programming
(DP) [8] were addressed traditionally from 1995 to 2007. On the
other hand, due to the non-linearity of the problems and poor con-
vergence of some mathematical approaches, heuristic methods
have been developed shortly afterward. In this way, Genetic Algo-
rithm (GA) [9], Simulated Annealing (SA) [10], Ant Colony (AC)
[11], Particle Swarm Optimization (PSO) [12], Harmony Search
Algorithm (HSA) [13] and Gravitational Search Algorithm (GSA)
[14] were developed from 2008 to 2017.

Incorporating emission control into the ELD, the Economic
Emission Dispatch Problem (EEDP) is subjected to further
researches. As a result, the EEDP is a crucial problem for power
companies. The problem is comprised of cost and emission mini-
mization. Increasing the penetration of DGs in cities, the operation
of generation systems has been restricted to reduce air pollution in
the environment. In China, a research study was conducted to opti-
mize EEDP proposing ensemble multi-objective differential evolu-
tion (EMODE) [15]. In [16], the EEDP is optimized using the
Adaptive Wind Driven Optimization (AWDO) algorithm. Compar-
ing the results with the other heuristic methods, the results con-
firm that AWDO outperforms the other tested algorithms. A
robust-based optimization approach is suggested in [17] to opti-
mize the EEDP considering the uncertainties associated with
renewable energy resources. In [18] a recurrent neural network
(RNN) is proposed to solve the EEDP. Two binary variables are used
to split the feasible region of the approach into convex areas. In
paper [19], a combined heat and power (CHP) system is proposed
to optimize the power and heat consumption in a district heating
system. The model aims to hedge against the volatility of wind
energy in the power system.

In paper [20], heat storage of distribution pipelines is formu-
lated. Moreover, in order to address the uncertainty of wind energy
resources, a robust model is incorporated into the problem. In [21],
the dual-objective EEDP is solved using Flower Pollination Algo-
rithm (FPA). The results show that the proposed FPA approach
has many advantages against the other swarm intelligence algo-
rithms for various power systems, even for large scale power sys-
tems. A novel structure for the dynamic EEDP is proposed in [22]
using bi-level robust optimization in a power system with wind
power penetration. The problem is solved using teaching-
learning-based optimization (TLBO) algorithm and linear program-
ming (LP).

In 2018, a dynamic EEDP is constructed considering the uncer-
tain nature of wind power output [23]. The study proposes a hybrid
multi-objective algorithm that integrates differential evolution and
PSO algorithm to solve the approach. In addition, a workable study
is conducted in the Taiwan Power Company system to optimize the
EEDP by integrating simulated annealing and the interactive best-
compromise approach [24]. In 2019, a novel EEDP is suggested
including Plug-in Electric Vehicles (PEVs) for peak shaving and val-
ley filling [25]. Following a similar pattern, the research study [26]

proposes the EEDP incorporating a novel structure to identify the
fleet size capability of a power network.

Air pollution includes any type of material that enters the air in
certain quantities and has significant effects on health, welfare, or
the environment. Air pollutants are classified into three categories
in terms of the radius of effect: local, regional, and global. Pollu-
tants with local effects, with a relatively lower radius of effect,
are the particles smaller than 10 um (CO, PM-10, and NOy). Pollu-
tants with regional impact are NO, and SO,. The only pollutant that
has a global effect is CO, which causes global climate change. The
term “pollution” is usually used for local and regional pollutants,
and the term “emission” is used for global pollutants.

In the literature, most research studies have concentrated on
emission. Paper [27] investigates CO, emissions from the electric-
ity generation sector. In [2], new trajectories of optimal technology
adoption are established to reduce the cost of CO, emission. The
effects of CO, emission and local pollutant emission taxes on joint
transmission-generation expansion planning are analyzed in [28].
A research study has investigated the economic dispatch of CHP
units to minimize the total operational cost and emissions of the
pollutant gases [29]. In [30], a stochastic multi-objective optimiza-
tion approach is suggested as an economic/emission dispatch
problem. The study uses stochastic programming to cover the
uncertainties associated with demand and the environment. In
continue, the neural network is addressed as the optimization
solution for the economic dispatch of a CHP [31]. A recent study
suggests an efficient fitness-based differential evolution algorithm
for dynamic economic emission dispatch problem [32]. This paper
compares the proposed approach with conventional single-
objective and multi-objective optimization problems. In [33], a
modified harmony search algorithm is addressed to optimize the
combined economic emission dispatch problem of the microgrid
in the presence of wind turbines.

In order to clarify the contribution of the suggested problem,
Table 1 makes a comparison between the current study and 5
recent studies.

1.3. Paper contributions and organization

As Table 1 reveals, most of the research studies were conducted
considering the global emission. It is confirmed that the use of dis-
tributed generations and CHPs, decreases global emission all over
the world. But it increases the local pollution in urban areas. This
paper aims to narrow this gap by optimizing the EEDP addressing
local pollution instead of global emission. This is an original idea
that is not examined in previous studies, to the best of our knowl-
edge. Moreover, despite the local pollution emitted from genera-
tion units, the impacts of traffic fumes in the urban areas are
studied concurrently. Also, the impacts of electricity price uncer-
tainty on the trading strategies of the city are investigated.

Therefore, a multi-objective approach about the Combined Eco-
nomic Pollution Dispatch Problem (CEPDP) of an urban area is pro-
posed. The main aim is to solve the problem considering both the
operation cost and the pollution function of the generation units.
Considering the operation cost, the cost function of generation
units, including power-only units, heat-only units, and cogenera-
tion units, plus the procurement cost from the electricity market
is addressed. Note that the electricity price of the electricity market
is considered as the main uncertainty; therefore, the Time-series-
based Auto-Regressive Integrated Moving Average (ARIMA)
approach is used to consider every possible scenario of electricity
price. Regarding the pollution control, the pollution density from
generation units and traffic fumes are incorporated into the
Box model while the wind speed and surface roughness influence
on it. Finally, the non-linear multi-objective CEPDP is solved using
the Non-Dominated Sorting Genetic Algorithm (NSGA II). There-
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Table 1

A brief comparison between the suggested approach and some recent studies.
Reference Environmental Factor Energy Generation Units Uncertainty

Global Emission Local Pollution CHP Heat-only Power-only

2] X X X Not addressed
[28] X X Not addressed
[30] X X X X Demand
[31] X X X Not addressed
[32] X X X Not addressed
Current Study X X X X Electricity Price

fore, the main contributions to the proposed approach can be sta-
ted as follows:

(1) Formulating the CEPDP for urban areas addressing local pol-
lution instead of conventional global emission.

(2) Incorporating the Box model into the CEPDP to study the
impact of the wind regime on local pollution.

The remainder of this paper is organized as follows. Section 2
provides the mathematical formulation of the proposed approach
in terms of the objective function, problem constraints, and solu-
tion methodology. Section 3 is devoted to simulations and discus-
sions. The conclusion of the paper is presented in Section 4. The
appendix of the study is stated in Appendix.

2. Problem formulation

In this paper, a smart city with power-only units, CHP units, and
heat-only units are modeled. The objective function of the pro-
posed multi-objective approach is comprised of three terms
including cost minimization, pollution minimization, and maxi-
mization of energy generation considering three different types
of generation units. Consequently, the multi-objective structure
of the CEPDP is formulated as follows:

Min FCOSt

Operation

Polluti
() + Feeneration (t) (1)
where F€°t demonstrates the total operation cost of the city, includ-
ing operation cost of all generation units plus the procurement cost
from the electricity market. FPollUtin js the pollution function of the
generation units.

2.1. Objective function

The objective function of the CEPDP comprises the simultane-
ous minimization of operational cost and pollution. The opera-
tional cost function of the city is stated as follows:

Ni N Nh
Fomaration(t) = > Fr () + > Fop(t) + > Fiis() + Foia(t) (2)
i=1 j=1 k=1

where F*t is the total operational cost function of the city, Fry is
the operational cost of power-only units, Fcyp is the operational cost
of CHP units, Fys is the operational cost of heat-only units and Fg;iq
is the procurement cost from the main grid. In addition, N; describes
the number of power-only units, N; is the number of CHP units and
Nj, is the number of heat-only units. In this way, i, j, and k are the
indices of power-only, CHP, and heat-only units, respectively. Note
that the city can purchase a deficit of its electrical power from the
main grid (Fgq > 0) in connected mode and/or sell the surplus of
electrical power to the main grid (Fgriq < 0) in islanded mode.

The first term in the objective function, i.e. Eq. (2), describes the
operational cost of thermal power generation units. A detailed for-
mulation of the operational cost can be stated as follows [34]:

Fin(6) = (@hy) + (b x P(0)) + (chy x PR (1))
|y x sin[efy x (Phy min(6) = Ph(0))]| 3)

where ary, by, ¢y, dry, and ery are the cost coefficients of thermal
unit i. Py and PiTH_mm are the power generation and minimum power
generation of thermal unit i, respectively.

Note that the fuel cost function of the generation units is
addressed considering the valve-point effects. In fact, the sinu-
soidal term in Eq. (3) describes the valve-point effect which prac-
tically appears when the steam admission valve starts to open.

The second term in Eq. (2) demonstrates the operation cost of
combined heat and power generation as follows [35]:

FjCHF(t) = [aiCHP + bjCHP X IjCHP(t) + CjCHP X PiCHP(t)Z]
+ [diCHP X HjCHP(t) + eiCHP X H%Hp(t)z]
+ [fimp X PiCHP(t) X HjCHP(t)] (4)

where acyp, bepp, Cepp, denp, €cup and foyp are the cost coefficients of
CHP unit j. Pbyp and Hiyp are power and heat generation of CHP unit
J, respectively.

The third term in Eq. (2) shows the operational cost of heat-only
generation units. Heat-Only generation units produce thermal
energy in different forms for use in district heating applications.
Unlike the CHP units which produce thermal energy as a by-
product of electricity generation, heat-only generation units are
dedicated to heat generation. The cost function of a heat-only gen-
eration unit can be expressed as follows [36]:

2
Fus(t) = dlys + bis x His(0) + chis x (His(0)) (5)

where ays, bys and cys are the cost coefficients of heat genera-
tion unit k. HYs denotes the heat output of unit k.

The last term in the objective function Eq. (2) indicates the cost
of purchasing/selling energy from/to the electricity market of the
main grid. Therefore, this cost is formulated as follows:

Noy
Feria(t) = Y Eo[Agra(®) X Pgg(@)] (6)
w=1
here Pgq(w) is the power traded between electricity market and
city for price scenario ® (Pgiq > 0 when the city purchases energy
and Pgig < 0 when the city sells energy to the main grid) and
A‘;ﬂd(w) is the electricity price scenario of the wholesale market in
scenario o during the period of t. Note that N, is the number of sce-
narios and E is the expectation operator.

In this paper, the electricity price is considered as a variable
with imperfect data. Therefore, in order to consider all possible
realizations of the electricity price, a scenario generation scheme
is used. Considering the cost function Eq. (6), the city can partici-
pate in the electricity market with imperfect information about
the electricity price. In fact, the uncertain and volatile nature of
the electricity price affects the operation scheduling of the city.
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Obviously, the operators of the city should decide on the opera-
tional scheduling considering different scenarios of electricity
prices in the main grid.

The second term in the objective function Eq. (1) describes the
pollution function of the CEPDP. The pollution function of the city
comprises the pollution functions of power-only units, CHP units,
and heat-only generation units. In this way, the most important
pollutions considered in the power system studies, due to their
impacts on the environment, are SO,, CO,, and NOy which are mod-
eled technically by the polynomial functions for the SO, pollution,
emitted pollution in terms of ton per MW for the CO, and exponen-
tial function for the NOy pollution. Consequently, the pollution
functions of the generation resources of the city are described as
follows [34]:

[Pollution (t) = Es(t) + Ec(t) 7

Generation

E ) — Ni | oy + (ﬁim X Pim) + (Vim x PiTH(t)Z)
s(6) _; +Ci % (e;'impm)
i ®)

Ni

+ Z KQICHP + "IJCHP> X Plyp(t) ] + Z [ Ts + Phis) X HI;IS(t)]

J=1

Nk

Z Ty Py + Z VepPlp + Z asHis 9)

where Eg describes the pollution function for SO, and NOy pollu-
tions. Moreover, E. indicates the pollution function for CO, pollu-
tion. o, B, v, ¢ and A are the pollution coefficients for power-only
units, 1 and 6 are the pollution coefficients for CHP units, © and p
are the pollution coefficients for heat-only units. Moreover, T, s,
and o denote the coefficients of CO, pollution for generation units.

2.2. Problem constraints

The operational constraints of the city are modeled as follows:

Nj

ZP )+ > Plyp(t) + Peria = Py (10
j=1

Nk .

> His(t +ZHCHP (11)
k=1

P:Tlln ~N P leax (12)
Hyin < H < Hy (13)
Pin <P <P, (14)
Hpin < H < Hyy (15)

Equality (10) ensures that during each operation period, the
total production of power generation units, including power-only
units and CHP units, plus the purchased/sold power from/to the
main grid should be equal to the clients’ electrical demand. Equal-
ity (11) enforces that the total production of heat generation units,
including CHP units and heat-only units, must be equal to the heat
demand of inhabitants. In this way, Pq and Hq are electrical and
heat demands of the city. Inequalities (12)-(15) limit the power
and heat generation of units, including power-only units, CHP
units, and heat-only units within the maximum and minimum
allowed capacity thresholds during all operation periods. In these
constraints, PL;, and Pi,, are minimum and maximum power out-

put of power-only unit i, H,;, and HX,,x are minimum and maximum
heat output of heat-only unit k, P, and Pi,x are minimum and
maximum power output of CHP unit i, i, and Hi,., are minimum
and maximum heat output of CHP unit j.

Fig. 1 illustrates the power-heat Feasible Operation Range (FOR)
of a CHP unit in terms of power and heat generation. The FOR of the
CHP can be stated as a set of Nyjnear linear inequality constraints as
below [37]:

it x HjCHP(t) + I x PI‘CHP(t) > 7t

st ’ -~7NLinear (16}

As Fig. 1 reveals, the FOR is determined by the curve ABCDEF.
The FOR shows the trend of heat (power) change with respect to
the variation of power (heat) variable.

2.3. Local pollution of city

Due to the higher efficiency of DG systems and usage of wasted
heat generated by the power-only units and CHP units, it is
expected to observe a considerable reduction in pollution from
generation resources in comparison to the state when heat and
power are generated separately by boiler and power stations,
respectively. The main challenge for this problem is that when
DGs are substituted for the large-scale power generators, the pol-
lution is transmitted from suburban areas to the urban areas: a
pollution problem which can cause health problems for the urban
residents. In order to prevent concentrating pollutants in the air of
urban areas, the problem should be studied by considering the
allowed pollution level. In this way, the operation of DGs may be
affected by the local pollution level which depends heavily on
the wind speed regime. Therefore, in order to satisfy the pollution
constraints, the city operator may decrease the power-heat gener-
ation level of the units. As a result, the city may not be operated
cost-effectively during the hours when the pollution level exceeds
the upper threshold. In this situation, the city should procure the
deficit of energy from the main grid to observe the local pollution
constraints.

In this study, in order to incorporate the pollution from DGs and
traffic fumes into the CEPDP, Box Method, as a deterministic air
pollution method, is addressed evaluating the distribution of the
air pollution in an urban area.

The box model is considered as the city area in which input and
output pollutants are allowed.

In this method, the urban area is considered as a simple box
with a specific space. The height of the box is the length of the
atmosphere above the city which is affected by pollution. This
height is usually within 60 to 100 m above the surface.

Power (MW.) A
A B Maximum Fuel
C
F| E Maximum Heat
—\\ Extraction
D
Minimum Fuel
»
Ll
Heat (MWuw)

Fig. 1. Operation Range of Co-Generation Units.
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The Box Model uses solutions of the diffusion equation. In this
case, three-dimensional equations are addressed to better describe
the pollutant movements in the city. Mathematically, the three-
dimensional transfer-release equation in a transient state and
orthogonal coordinate system can be stated as follows [27]:
oC oC aC aC 0 ( E)C) 9] ( 8C>

atlax Ty T o) T ay by

+ = < 8C)JrQ (17)

where C is the time-averaged concentration of pollution, X, y, z are
the Cartesian coordinates, Q is the source of pollution (produced
pollution), u, v, w are the components of the time-averaged wind
velocity vector, ky, ky, k, are the diffusion coefficients in the corre-
sponding direction.

In order to simplify the diffusion Eq. (17), it is assumed that the
wind velocity in y and z directions is negligible. Furthermore, pol-
lutants’ transmission through tubular molecular pollution in com-
parison to pollutants’ transmission through wind flow is ignored,
thus the following assumptions are applied:

7] aC
&<1(Z6—X> =0 (18)
0 oC

In order to implement the general box model, i.e. Eqs. (17)-(19),
the diffusion equation for local pollution is rewritten based on the
mathematical notation of the suggested approach. Therefore, the
diffusion equation of the city can be restated as follows:

FPoIlutian (t) o FPaIIution(t _ 1) _ FPoIlutian + FPollutim} (t)

Local Local Traffic Generation
Pollution Pollution
Vina(t) x (Fiiet™"(t) — Fonger™ (1))
GLocal
(20)
Pollution Pollution,Max
FLocal ( ) FLomI (2])
where Viing is wind velocity, Frolion ¢y and Frofuion ¢ _ 1) are con-
centrations of local pollutants in two successive times,

Fleluion  (t)is pollution generation, FroMon ¢y and FLoMton ¢y are the

amounts of inlet and outlet of pollution in the control volume,

Pollution

respectively, Frys " (f) is the pollution from traffic volumes of cars

and FPoluonMax js the maximum allowed threshold of pollution
according to different standards. Note that the coefficient Gy is a
function of city shape and natural barriers like mountains and
buildings.

Sl
N J

R

Wind Velocity

Fig. 2. The Box model of air pollution for an urban area.

Fig. 2 shows a schematic diagram about the Box model of air
pollution in the city.

To provide a general overview of the suggested approach, Fig. 3
illustrates the incorporation of the Box Model into the CEPDP.
Based on the figure, the local air pollution of the urban area is
addressed as a box model. In this model, the inlet pollution, i.e.

Fpettution 1) is imported to the city from suburban areas. The outlet

Inlet
pollution is modeled by FFo!ion ¢y which is exported from the city

to suburban areas. The inlet and outlet pollutions are affected by
the wind regime. Despite the inlet and outlet pollution, there are
three types of energy generation units, including CHP, power-
only units, and heat-only units, which generate local pollution.
Moreover, the patterns of local pollution from traffic fumes are
simulated. The city can purchase/sell the deficit/excess of power

generation from the main grid. It worth mentioning that the traffic

fumes, i.e. Fiyi2®" (t), is considered as input perfect data. The data of

traffic fume is extracted from the local meteorological office.

2.4. Solution methodology

Optimizing multi-objective functions, a specific methodology is
required to find the best solution from the Pareto front. In the lit-
erature, many solution methodologies are suggested. Among them,
the min-max method [35] and fuzzy-Pareto-dominance [36] are
the most common methods. Recently, evolutionary algorithms
have attracted much attention in finding optimal solutions. In this
study, the NSGA-II is used as the solution methodology. In this
way, the group average method is adopted to find the best solution
from the Pareto front.

Therefore, to solve the non-linear multi-objective CEPDP, NSGA-
Il is adopted. This algorithm is one of the most significant and pow-
erful heuristic algorithms to solve multi-objective optimization
problems.

Running the NSGA-II, first of all, two populations are combined
(P UQ,)to form a new population R, with size 2 N. Afterward, the
R; is sorted into non-domination order. The approach ensures the
elitism because all members of current and past populations are
included in R.. Currently, the set F; includes the best solutions in
the population R;. In this state, if condition size(F;) < N meets, then
all members of the set F1 are selected for the next population Py..
The other members of the population P..; should be selected from
subsequent non-dominated fronts. In continue, solutions from the

1N

J.LL

Electricity Market

Wind
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Fig. 3. Schematic diagram of the suggested smart city addressing pollution from
local generation, traffic fumes and inlet/outlet volume.
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set F; are selected followed by solutions from the set Fs. This pro-
cedure is iterated to cover all the sets ensuring no further sets can
be evaluated [2]. The selection of one answer from a set of answers
would be an arduous task for most of the decision-makers. Cluster-
ing, group average, central method, distance from ideal, quality cri-
terion, dispersion criterion, and diversity criterion are some of the
methods used to optimize a single answer. In this study, to select
an answer from the Pareto front, the group average method is used.
The procedure of NSGA II is described in Fig. 4.

To sum up, the flowchart of the coordination mechanism by the
city operator is described in Fig. 5.

3. Numerical studies

In this section, the suggested approach is implemented in the
test city. In the next subsections, first of all, the input data is illus-
trated. Afterward, the simulation results are presented and
discussed.

3.1. Input data

In order to show the applicability of the proposed approach, the
city of Semnan located in the center of Iran is considered as the test
city. The maximum allowed capacity threshold for local pollution
is equal to 2.6 mg/m? for every hour during the day. Note that
the problem is based on bi-hourly operation scheduling. Character-
istics of wind speed, heat, and power demands are described in
Table 2.

The city consists of four power-only units, two CHP units, and
one heat-only unit. Coefficients of cost function and allowed capac-
ity threshold of generation units are described in the Appendix,
Table Al. Fig. 6 shows the location of the test city with two tile
lines to the main grid. Note that the test city can trade deficit/ex-
cess of energy through the tie lines in the electricity market.

The Feasible Operation Region (FOR) of power-heat function is
illustrated in Fig. 7(a)-(b) for two CHP units.

In order to describe the price behavior in the electricity market,
seasonal Auto-Regressive Integrated Moving Average, SARIMA
(1,0,1) x (1,1,1)24 is used to generate scenarios for electricity price.
The initial number of generated scenarios for the day-ahead mar-
ket price is 50 and 1200 for one hour and one day, respectively.
A large number of original total price scenarios increase the com-
putational time burden of the problem noticeably. Therefore, to
reduce the computational burden and achieve tractability, the size
of scenarios is reduced through the Kantorovich distance function.
As a result, the number of scenarios is reduced to 10 and 240 sce-
narios for one hour and the whole day, respectively [28]. The sce-
narios associated with a day-ahead electricity price of the main
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Fi Pi1
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Fig. 4. Schematic diagram about the fundamentals of NSGA II.
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grid is illustrated in Fig. 8. Finally, the daily profile of local traffic
fume is described in Fig. 9. The input data of traffic fumes is
extracted from local meteorological office.

3.2. Results and discussions

The CEPDP is formulated as a multi-objective problem which is
solved using the NSGA II approach with MATLAB 9.1 software on
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Intel Pentium CPU at 1.6 GHz and 4 GB of RAM. In order to make a
comparison between different states, three case studies are
addressed. The main characteristics of case studies are described
in Table 3. In brief, case study 1 investigates the optimum point
from both cost and pollution objectives. In contrast, case study 2
finds the optimum point from the pollution objectives viewpoint.
Finally, in case study 3, the role of the wind regime on the opera-
tion of the city is evaluated. In this case, both cost and pollution
objectives are addressed.
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Fig. 9. Daily profile of local traffic fume.

3.2.1. Case study 1

In this case study, the CEPDP is fully optimized based on the
information presented in Table 2. Fig. 10(a)-(b) show the genera-
tion level of power-only units, heat-only units, and cogeneration
units. In addition, the distribution of local pollution for the 24-
hour duration is illustrated in Fig. 11. In this figure, the cumulative
local pollution from both local generation units and local traffic
fumes is illustrated.

As the graph of generation level reveals, the generation of elec-
trical energy increases considerably between 8 am and 16 pm
when the electrical demand increases and the wind speed experi-
ences an increase from 5 m/s to 7 m/s at the same time.

Considering Figs. 10 and 11, as the heat and power demands
increase, and the wind speed reduces simultaneously, the concen-
tration of pollutants in the city increases and reaches its maximum
allowed threshold. In this situation, a sudden reduction in power
and heat generations occurs to satisfy the maximum allowed
threshold of pollution level. Therefore, the city is unable to meet
the heat and power demands of local consumers in critical hours
of the day (between 4:00 pm and 8:00 pm) in the islanded opera-
tion. In this situation, the city has to purchase the deficit of electri-
cal demand from the main grid. It is evident that if the generation
units do not decrease the generation level in the critical hours, the
local pollution exceeds the maximum allowed threshold of pollu-
tion level. One interesting result is that the heavy traffic between
4:00 pm and 8:00 pm changes the operation of the city in terms
of a local generation because the city has to meet the pollution
constraints. Based on the graph, the local pollution from the local
generation units coincides perfectly with the local pollution from
traffic fumes (see Fig. 9). This issue shows how the local pollution
from local generation and traffic fumes can change the optimum
energy management strategies of a city. This issue is missed in
the previous studies where the global emission was conventionally
discussed.

Purchasing energy from the main grid, the cost of energy pro-
curement from the main grid plus the cost of heat extraction from
the available electrical energy should be added to the overall oper-
ation cost of the city in the critical hours. Fig. 12(a) and (b) describe
the deficit/surplus of electrical and heat energies in the city,
respectively. Obviously, the deficit/surplus of electrical energy
should be purchased/sold from/to the electricity market. On the
other hand, the deficit of heat energy should be extracted from
electrical energy. Based on Fig. 12(a), the city purchases the most
electrical energy from the main grid in critical hours when the
electrical demand approaches the peak point and the concentra-
tion of local pollution reaches the maximum allowed threshold.
The power transmitted between the city and the main grid reaches
the lowest point in the remaining hours of the day.

Regarding the Fig. 12(b), we can say that the maximum heat
shortage occurs in the critical hours while the city experiences
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Table 2
Characteristics of wind speed, power and heat demands
Hour 2 4 6 8 10 12 14 16 18 20 22 24
P4 (MW) 400 300 350 400 500 600 700 800 900 800 600 500
Hq (MWI) 250 200 200 150 150 150 250 350 400 500 350 300
uy, (m/s) 2 3 4 5 6 7 6 5.2 4 3 2 2
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ing and/or decreasing in the generation of CHP units as much as
possible. The other generation units are in the next priorities.

3.2.2. Case study 2

In case study 2, in order to choose an answer from the Pareto
front, the best answer from the viewpoint of pollution function is
used. In fact, in this case study, the problem is optimized based
on the pollution function while the cost function of the city is
not optimized in the problem. Consequently, the economic aspect
of the problem is omitted and the pollution aspect of the problem
is emphasized. Fig. 13 shows the Pareto front considering the pol-
lution function versus cost, solved by NSGA Il in MATLAB software.
The general optimum point is found considering both the economy
and pollution objectives. However, in this case study, in order to
investigate the role of pollution in the problem, the best answer
with respect to pollution objective is selected from the Pareto front
(the lowest right point).

Fig. 14 describes the generation levels for different generation
units of the city. Comparing the Figs. 10 and 14, we can say that
the power-only units generate more electrical energy in critical
hours in case study 2 in contrast to case study 1. Actually, we can-
not see any valley in the generation profile of the power-only units
for case study 2, especially in the critical hours when the power-
only units experience deep valleys in the case study 1. In contrast,
the CHP and heat-only units experience deep valleys in the critical
hours for heat energy generation. The reason is that the problem is
optimized emphasizing the pollution function with no considering
the cost function.

Fig. 15 describes the pollution level of the city for case study 2.
As the graph reveals, choosing the best answer from the Pareto
front with considering the pollution function only leads to a signif-
icant reduction in the local pollutant production. In this way, the
concentration of the pollutant approaches the maximum allowed
threshold in critical hours without exceeding it. It is important to
know that this solution is not only cost-effective but also increases
both power generation costs from power-only units and power
procurement cost from the main grid.

Fig. 16(a) and (b) illustrate the deficit/surplus of generated
energy for electrical and heat energies, respectively. As the graphs
reveal, the most shortage of heat and power energies occurs in the
critical hours. As a result, the city operator has to purchase more
electrical energy from the main grid to satisfy the electrical and
heat demands of end-use consumers.

Fig. 17 compares the values of pollution and cost functions of
the city for case studies 1 and 2. Based on the line graph, we can
say that the operation cost of the city increases while the pollution
function values of the problem decrease in case study 2 in compar-
ison with the case study 1.
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3.2.3. Case study 3

In case study 3, to evaluate the impacts of the wind speed
regime on pollutants’ evacuation rate in the urban city, the speed
values of wind regime were decreased to the half of those pre-
sented in the case study 1 (Table 2). Fig. 18 describes the pollution
generation data comparing the results for case studies 1 and 3.
Based on the graph, we can say that as the wind speed decreases,
the concentration of pollutants increases considerably and reaches
the maximum allowed threshold at around 12 am. In this situation,
in order to meet the maximum allowed threshold for pollution
level, the city operators have to decrease the production levels of
generation units. Consequently, to satisfy the electrical and heat
demands of the end-use consumers, the city should purchase more
electrical energy from the main grid with high procurement cost.

To sum up, it is obvious that integrating distributed generation
to urban areas increases the efficiency of the power systems. How-
ever, this approach transmits the pollutants from suburban areas
to the urban ones; consequently, it can cause health problems for
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Fig. 16. Power/heat traded between smart city and main grid for Case Study 2.

the residents of cities. For this reason, in order to perform a com-
prehensive study about the operation of distributed generation in
an urban city, it is essential to consider the constraints of air pollu-
tion in the problem. In fact, this makes it possible to strike the right
balance between the operation cost and a healthy lifestyle.
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Fig. 17. Comparison of objective values for cost and pollution functions in Case
Studies 1 and 2.
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4. Conclusion

In this paper, the economic pollution dispatch problem for an
urban area is presented to determine optimized operation schedul-
ing of the smart city under local pollution constraints. The problem
is formulated through a multi-objective problem which is solved
by the NSGA II approach.

The results show that when the optimum point is found consid-
ering both cost and pollution objectives, the power and heat pro-
duction of all generation units experience a significant reduction
in high demand hours. In fact, the local pollution objectives reduce
the generation output to meet the local pollution constraint. There-
fore, the city purchases the deficit of energy from the upstream
market. In contrast, when the cost objective is omitted from the
Pareto front, the operation cost of the city increases significantly.
Instead, the concentration of local pollution reduces considerably.

Moreover, it is observed that if the wind speed decreases, the
concentration of pollutants in the air of the city increases. Conse-
quently, to prevent from exceeding the local pollution constraint,
especially in the hours with heavy car traffic, the city has to
decrease the generation level and procure the required energy
from the main grid. The interesting result is that the traffic fumes
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in the hours with heavy car traffic change the operation of the dis-
tributed generation to meet the pollution constraint.

It is confirmed that although the distributed generation in cities
decreases the global emission, it increases the local pollution in
some time durations; therefore, it can deviate the operation of
local generation from the optimum economic point. Therefore,
urban energy generation can transmit the pollutants from the sub-
urban areas to the urban ones. To sum up, the energy management
of distributed generation in urban areas should be investigated
considering the local air pollution.
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