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Background: Energy system management is an important tool for regional energy and environmental development,
and many parameters and their interrelationships in energy-environmental management model appear complexity
and uncertain. How to deal with these uncertainties and make a reasonable decision schemes are desired for

Results: In this study, an inexact two-stage dynamic programming model is developed for regional electricity and heat
supply management under considering the complexities and uncertainties in regional energy system. The model can
reflect not only uncertainties expressed as probability distribution but also those being available as intervals. The
developed model is applied to a case of planning regional electricity and heat supply as well as pollution emission

Conclusions: A number of scenarios corresponding to different pollutants emission reduction levels are examined; the
results indicated that reasonable solutions have been generated under different pollutants reduction levels. They can
be used for generating plans for energy resource/electricity/heat allocation and capacity expansion and help decision
makers identify desired regional electricity and heat supply which need minimum cost under various standards of

Keywords: Energy systems planning; Inexact two-stage stochastic programming; Electricity and heat supply; Pollutants

Background

Currently, with the speedup of urbanization and the fur-
ther economic development, the limitation of electricity
resources to regional development becomes more and
more obvious. On the one hand, globally, energy con-
sumption grows more rapidly than the economy, mean-
ing the energy intensity of economic activity has rosed.
On the other hand, urban air quality is one of the hot
topics, and some air pollutant emissions are from burn-
ing fossil fuels such as coal, natural gas which mainly
generated in electricity and heat supply, especially, during
long winter heating period which is the most serious air
quality damage season. The goal of energy conservation
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and pollutant emission reduction in the regional electricity
and heat supply is in accordance with the stable and or-
derly development of the electricity and heat supply enter-
prises. Therefore, effective electricity and heat supply
system planning method with pollutants emission reduc-
tion is desired urgently.

Previously, some deterministic models for energy man-
agement were developed. For example, Kwaczek et al.
(1996) put forward an optimization model for compre-
hending economic impacts of various emission-reduction
strategies on energy activities in Saskatchewan. Sailor
(1997) conducted a comprehensive assessment of climate
change influence on renewable energy demand and supply
technologies in many places. Zhang et al. (2001) reviewed
the relationship between global warming and energy sys-
tem structural shift in power generation sector in south
China. Heinrich et al. (2007) presented the South African
ESI using a partial equilibrium E3 model approach, and
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extend the approach to include multiple objectives under
selected future uncertainties. Klaassen and Riahi (2007)
utilized the long-term MESSAGE (Model for Energy Sup-
ply Strategy Alternatives and their General Environmental
Impact) to analyze energy planning management and cli-
mate change response. Chung et al. (2009) conducted a
hybrid E-IO (Energy top-down approach) table which has
higher classification sector resolutions to determine the
strength of optimization model for making clear of eco-
nomic impacts from various emission-reduction strategies
on energy activities in Saskatchewan, Canada.

However, the above models emphasized on the plan-
ning of either electricity supply or heat supply, however,
could hardly achieve energy efficiency. Though, some
studies about combined heat and electricity generation
have been done (Motevasel et al. 2011; Dong et al. 2012;
Mehdi et al. 2013). However, there are defects: the un-
certainties are not addressed in the previous studies
which are critical for analyzing system reliability; on the
other hand, some studies only pursue the maximum
benefits in the operation of enterprises ignoring the stra-
tegic thinking of pollutants emission reduction control
(Gustavsson and Madlener 2003; Cai et al. 2009).

Thus, in this study, an inexact two-stage dynamic pro-
gramming (ITSDP) model is developed for regional elec-
tricity and heat supply management under uncertainties,
aimed at the co-win between the enterprises profit and
social benefits. Furthermore, this model performs satis-
factory role on both cost reduction and pollutants emis-
sion reduction, with the ability to supply necessary
information for decision makers, which could be applied
to similar planning.

Methods
A general inexact two-stage stochastic programming can
be formulated as follows:

Min f* Z G x + Zzplhdiyzh (1a)
j=1 h=1
subject to
afxt<b, r=1,2,...,m (1b)
aﬁcxi —|—a[ y >co,jf t=1,2,...my;h=1,2,...,v

(1c)
(1d)
(le)

where a4’ e{Ri}m‘Xm, ate{Ri}mzxnz, bfe{Ri}"’le,
C E{Ri}lxm dj: {R:l:}1><"2 E{Ri}mxl G{Ri}nle
and {RY} denote a set of interval parameters and/or

whyh=1,2,...,v
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variables. According to Huang et al. 2001, model (1) can
be transformed into two deterministic submodels that
correspond to the lower and upper bounds of the de-
sired objective function. The objective function value
corresponding to f~ is desired first because the objective
is to minimize net system costs, and it can be formu-
lated as follows (assume that bri >0):

Min f~ = Zcx + Z ¢ %; +ZZp1hd Vi

j=ki+1 j=1 h=1
£ S
j=ka+1 h=1
(2a)
subject to:
Ky n ~
Z |arj|+5ign (@;)x]‘ + Z |ay;| sign (a;j)xfsbf,\?’r
=1 j=ki+1
(2b)
Z‘“tl| 51gn( z/)x + Z |ay|” mgn(atl)
j=k1+1
+Z a;j sign (atj*) Vi
=1
! ) —
+ Z a; sign(at]«")y;;lzw;,vmh
j=ka+1
(2¢)
%20,)=12, ..k (2d)
xsz,j=k1+1,k1+2,...,n (2e)
Y52 0.Vhj = 1,2, ... ky (2f)
y;lZO,Vh;j:kQ—F1,k2+2,...,l’12 (2g)
where x ,j =1,2,.., ky, are positive coefﬁc1ents, 7 ==k +
1,k + 2 ., 1 are negative variables; y ) =1, 2 ., k5 and
h =1, 2,.., v, are random variables w1th positive coeffi-

cients,yﬁlj—k2+ 1,ky +2,..,nyand h = 1, 2,..., v, are ran-
dom variables with negative coefficients. Solutions of x
(] =1,2,..., k), x opt(] ki+ 1kt 20 195 o (=
. ko), andyhot G=ky+ 1, ky+ 2,.., ny) canbeob—
tamed through submodel (2). Based on the above solu-
tions, the submodel f* can be formulated as follows:

l 0Pt

Min ]CJr Zc+x+ + Z C+x_ + Zzp/hd y]h
j=k1+1 j=1 h=1
5 ZM iy

j=ko+1 h=
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subject to:

ky
E || sign(ct;]-)x;r +
j=1

ny

Z ]a,,‘ 51gn( )x <b, ,Vr

j=ki+1
(3b)

ky

Z|at,| SIgn(atI)x + Z |ag| agn(atl)]

j=1 j=ki+1

+Z

3 /_ +
ay| sign(a, )y

+ Z “r; s1gn<at1 )y/h wy, Vit h
j=ko+1
(3¢)
x] 2% o] = 1,2, . k1 (3d)
0<x; < lopt,] ki + 1,k +2,.. (3e)
Yin 2 Vi opts W3 j = 1,2, .., ka (3f)
Osyj}'zsy;izopt’Vh;j:k2+1’k2+2""7n2 (?)g)

Solutions of ;" 7 opt (] =1,2,..
2>~') nl)y y]h opt (] =
2,..., M) can be obtained through submodel (3). Through
integrating solutions of submodels (2) and (3), the solution
for model (1) can be obtained.

o k) X o =k + 1, Ky +
2,0 ko), and yy, o0 =k + 1, Ky +

Model formulation

Typically, electricity and heat supply system often con-
tains some components such as energy supply/demand,
processing and transformation technologies, and electri-
city and heat generation (Heinrich et al. 2007). These
components generally involve an array of economic ac-
tivities, energy consumption and pollutants discharge.
Electricity and heat supply options are usually classified
as fossil energy and renewable resources. Each of those
has its own industry representing the characteristics of
the technologies.

Consider a case wherein a regional electricity and heat
supply manager is responsible to allocate electricity and
heat flows from the enterprise to users all the year
(12 months). The manager can formulate the problem as
minimizing the expected value of net system cost in the
region during one year. Based on the local electricity
and heat supply policies, a promised allowable supply
quantity is defined. If this level for each user is not
reached, it will result in the higher cost to the system,
the system will then be subject to penalties of the system
failure. In the mean time, the manager always seek a
project which can assure the emissions of some environ-
mental pollutants (e.g., nitrogen oxides (NO,), sulfur
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dioxide (SO,), particulate matter (PM)), and greenhouse
gas (GHG) could meet the regional environmental
standard with sulfur dioxide emission fees deduced.
As waste-generation and energy requirement amounts
from the region are uncertain at the time when the
planning decisions must be made, the problem under
consideration can be formulated as a TSDP model as
follows:

min f* = (1) + (2) + (3) + (4) + (5) + (6)
+(7)+(8) +(9) (4a)
(1) = iim; * EP;; (4b)

1

5]

ZTC,ft*W,ftJrZZZPM

t=1 k=1 t=1 k=1 h=1
+(TCy + PPy) * EQgy, + TCy,

,_‘

(W3, + SAEY)

(4¢)
ZZ TPH;; * Y5 + ZZZPM[;:
t=1 j=1 t=1 j= 1 L=
*(TPij +PCH;) « HQY
(4d)

1

[~

Mx

3

k=i h=1

(Wi + Py « EQ,) * PES, * CEX,

~
Il
—_
~
Il
—

(4e)

—
)

H
M\
M

>3-

=1 q

(Y; + PMy * HjSﬂ) « PH, « CH,

~
Il
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~.
Il
-
Il
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(4f)

=
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M=
NE

H
> P JUE G, % DIV ot  DCOfe
1 h=1

~
Il
—
b
Il
—_
3
Il

(4g)

=
5]

Mz
Mh

>y

=1l n

PMj, * JUH},, * DVHjy % DCHjps

t

Il
—
Il
—
~
Il

1

(4h)

12
= SAE;-CES/ (4i)
t=1

—
)

K ]
ZZ[PElikz 1 ’71kz +PI_Il;t (l_ﬂli/t)] *PDFti
k=1 j=1

(4)

where: i denotes the energy sources, i =1 for coal, i=2
for natural gas; k denotes the power generation tech-
nologies, k =1 for coal-fired power, k =2 for natural gas-

I
—

t:



Li et al. Environmental Systems Research 2014, 3:18
http://www.environmentalsystemsresearch.com/content/3/1/18

fired power, k = 3 for wind power; t denotes the planning
periods; r is the air pollutants, r =1 for sulfur dioxide, r =
2 for nitrogen oxides, r = 3 for particulate matter; h is the
demand level. j denotes the heat supply technologies, j = 1
for coal-fired heat, j = 2 for natural gas-fired heat, j =3 for
electric heat; / is capacity expansion size option for heat
generation; f* = the net expected system total cost
(million dollar); EP;; = the supply of energy resources in
month ¢ (PJ); ESi = the supply cost of energy sources i in
month t($m11hon/ PJ)); TC,jft = the variable cost for electri-
city generated by technology k in month ¢ ($million/
GWh); W3, = allowable power generation by technology k
during month ¢ (GWh); Py, = probability of occurrence for
scenario h during month ¢ PP, = penalty cost of excess
electricity generated by technology k in month ¢ ($million/
GWh); EQ;i;, = the additional power generation because
of the shortage of electricity generated by technology k in
scenario & during month ¢ (GWh); TPH;E = the variable
cost for heat generated by technology j in month ¢
($million/GWh); Yjﬂ; = allowable heat generation by tech-
nology j during month ¢ (PJ); PM;, = probability of occur-
rence for scenario / during month #; PCH;, = penalty cost
of excess heat generated by technology j in month ¢
($million/P]); HQZ i = = the additional heat generation be-
cause of the shortage of heat generated by technology k in
scenario [ during month ¢ (PJ); JUEj;,, = binary variable
for technology k with expansion option m in scenario /;
DIV}, = capacity expansion size option m for power gen-
eration technology k in month ¢ (GW); DCOy,,,, = capacity
cost of capacity expansion size m for power generation
technology k in month ¢ ($Million/GW); JUH,;,,; = binary
variable for technology j with expansion option n in
scenario / during month ; DVHj,, = capacity expansion
size option n for power generation technology ; in
month ¢ (PJ); DCH;,; = capacity cost of capacity expan-
sion size n for heat generation technology j in month ¢
($Million/PJ); PE,f,t = the emission intensity of pollutant
r from power generation technology k in month ¢
(kiloton/GWh); CE,jfrt = the removal cost of pollutant
r from power generation technology k in month ¢
(dollar/kiloton); PH;;t = the emission intensity of pol-
lutant g from power generation technology j in month
t (kiloton/PJ);

CH,, =
generation technology j in month ¢ (dollar/kiloton); CE
SF = the cost of per unit wind power storage in month ¢
(dollar/kWh);

SAET = the stored wind power in month ¢ (GW); PD

FF = pollutants discharge fee for sulfur dioxide (dollar/

= the removal cost of pollutant r from power

tonnes); 775, = the removal efficiency of pollutant r from
power generation technology k in month £ yit = the re-

moval efficiency of pollutant g from heat generation
technology j in month ¢.
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Mass balance constraints
The mass balance constraints describe the balance of re-
source and energy flows in the system. They can be clas-
sified into three groups:

1) balance for energy resource (4k) and (41);

2) balance for electricity generation (4m), (4n), (40),
(4p) and (4q);

(3) balance for heat generation (4r) and (4s).

(
(

These constraints are established to ensure that the in-
put energy is greater than the output one.

(WF + EQ,) + EFES + (Y + HQj)

vt k,j, 1 b, i (4k)

its = it

S
« EFH; + ZEDi <T+

(W3, + EQsy, + SAES) * EFE5, < T Vt,k,h - (4])

3
> (Wi + EQy) + SAES, > DTE;, Vt, h (4m)
k=1
Z Wi-DTE; + SAES | = SAEEF,Vt, h (4n)
Wi + EQi, <ETj (40)
#(RCx + JUEjG,, * DIV i), Nt k, b, m
W3- [DTE=(Wi, + EQe) - (Wi + EQu)]  (4p)

+SAEE | = SAES Yt >2,k,h

W', + EQ3y=[DTE = (Wi, + EQiy,) - (W, + EQyy)]

+SAEO* = SAES t = 1,Vh
, (4q)
Z(ij + HQ].itl) > TDH3 vt,1 (4r)
j=1
Yi+HQL<HT; (4s)

(RCH +]u Z*DVHjnt),Vtajvnal

jin

Capacity constraints of technologies

For a single technology, it is assumed that its output or
production should be less than the amount that total in-
stalled capacity. If this requirement is not satisfied, cost
will be increased for additional capacities.

JUE;,, ., = {(1)7\1/@ t,m,h (4¢)

JUH ]tnl {Ovvlvtnl
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M
> JUEj,, <1,k t,h (4v)
m=1
Z JUH; <19t (4w)

Environmental constraints

For an electricity and heat supply system planning, it is
assumed that environmental requirement should be con-
sidered as an important constraint. Equation (4x) is the
constraint of pollutants emission of power generation
technologies; Equation (4y) is the constraint of pollut-
ants emission of heat generation technologies. Equation
(4z) is the constraint of GHG (Greenhouse Gas) emis-
sion of the electricity and heat supply system.

3
Z Wkt JrEthh *PEkrt (1_’71%;«:) < TPrt’Vt hr
=

—_

(4x)

M)

(Yf; +HQ;I) « PH:, (1—%) < THP%,Vt,1,q

~
Il
—_

(4y)

2 3
ZED; « INT + Z (W§ + EQE,) * COEE
1 i=1 k=1

M

@
Il

3
+ (Yi +H ﬂ,) « COH: < TCF Ve, b1
=1

(42)

where:

EFE;. = the conversion efficiency of power generation
technology k in month ¢ (PJ/GW);

EFH}.f = the conversion efficiency of heat generation
technology j in month ¢ (PJ/PJ);

EDF. = the demand of energy resource i in sector s
during month ¢

T = the supply of energy i in month ;

TDE;; = electricity demand in scenario # during
month ¢ (GWh);

TDH ;% = heat demand in scenario / during month ¢ (PJ);

ET%, = the working hours of power generation tech-
nology k in month ¢ (hour);

H T/it = the working hours of heat generation technol-
ogy j in month ¢ (hour);

RC; = residual capacity of power generation technol-
ogy k (GW);

i, = residual capacity of heat generation technology

j (P
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TP = the total allowable emissions of pollutant r in
month ¢ (kiloton);

THPqit = the total allowable emissions of pollutant g in
month ¢ (kiloton);

IN TSi = CO, emission intensity of sector s (kiloton/PJ);

COEf, = CO, emission intensity of power generation
technology k in month ¢ (kiloton/GWh);

COHjit = CO, emission intensity of power generation
technology j in month ¢ (kiloton/PJ);

TCF = the total allowable CO, emissions in scenario
h during month ¢ (kiloton).

In the ITSDP model, when the allowable amount of
power generation Wj, and heat generation Yff are
known, the above model can be transformed into two
branches of deterministic sub-models, which related to
the upper and lower bounds of the conceived objective-
function value. The transformation is on the base of an
interactive algorithm, which is different from traditional
interval analysis as well as best/worst case analysis, and
the previous methods for solving inexact linear program-
ming problems cannot be used for granted directly (Li
et al. 2006a, b; Klaassen and Riahi 2007). In this study,
an optimized set would be made and correspond to
minimize the system cost under the uncertain electricity
and heat demands and supplies. Accordingly, let W7, =
Wi + AW -t Y][ =Y, + AY v, where AW, =
Wi-Wi» AY e =Y, - th g€ [0, 1], vjr € [0, 1], s, and
v, are decision variables that can identify an optimized set

of target values W3, and Y }f so that the related policy ana-

lyses could be supported. For example, when W7, and ij

reach their upper bounds (i.e., when = 1 and v;= 1), a
relatively low cost would be procured when the electricity
and heat demands are satisfied; a lower penalty might have
to be paid if the promised electricity or heat is delivered.
Thus, if W3, and ij approach their lower bounds (i.e.,

when 1= 0 and v;,= 0), there might exist a higher cost as
well as more risk of breaking the promise. Consequently,
according to Huang and Loucks (2000) and Li et al
(2009), two transformed deterministic sub-models based
on an interactive algorithm through introducing decision
variables u, and v, could obtain the net system cost. Since
the first objective is to minimize this cost, the sub-model
relevant to lower-bound objective function value f~ is
preferential. Therefore, we have model B:
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(5)
Subject to:
Wi = Wi, + (Wi-Wie) ke, Yk, t (5k)
0<up <1,Vk,t (51)
Yy =Y, + (Y;—Y/;) V), t (5m)
O<vy<1,Vj,t (5n)
(Wkt + Ethh) * EFEkt ( jt t HQ;tl)
« EFH; + ZEDm_ TVt k,j, 1 h,i (50)
(W3t + EQsy, + SAE; )  EFES, < T, Vt, h,i (5p)
3
> (Wi + EQuy) + SAE,_, > DTEy, Nt h (5q)
k=1
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3
> Ww-DTE,, + SAE, , = SAE;,Vt, k, h

(5r)
Wi +EQpy, <ET},
% (RCy + JUE;,, * DIV i) Nt k b, m (5s)
W= [DTE};~(Wie + EQe) ~(War + EQy,)]
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(5t)
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+SAEO™ = SAE; ,t = 1,Vh

(5u)
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Z( ]t+HQltl)>TDHﬂ,th (5v)
j=1
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-

8
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Where T, EQy,;,, H Ql’ﬂ, uy, and vﬂ are continuous de-
cision variables, JUE3;,, and JUH

lution for f~ reach a extreme lower bound of system
cost under uncertainties. Then, the optimized electricity and
heat targets would be Wiy = Wi, + AW s -ttisoprs Y juopr =

]ml are binary ones. So-
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Yj’t + AY j; Vjiop. Conversely, the upper bound of the ob-
jective function value f* is:

minf " = (1) + (2) + (3) + (4) + (5) + (6)
+(7)+(8) +(9) (6a)
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+SAEO* = SAE} ,t = 1,Yh

(6q)

3
>~ (Yip + HQj ) = TDH; Ve, 1 (61)

j=1

Y/tapt + HQ;l < HT;
« (RCH,» +JUH;,, * DVH,»M) Yt jm,l (63)
. <1

Uy =9 5 - kot m, (6t)
Z JUE;,, ., <1,Vk,t, h (6u)
JUH ;tnl { OaV]at n, [ (6V)

3
Z JUH};, <1,Y),¢,1 (6w)

n=1
3
> (Wiaope + EQiy) * PEf, * (1-17j, )< TP}, ¥, 1,1
k=1
(6x)

3
Z( ot + HQy ) % PHfy + (147, ) STHP, Ve, L g

=1

~.

(6y)
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S 2 3
SN EDL #INT; + Y (Wiiope + EQJyy) * COEy,

s=1 i:l k=1

+Z ( jtopt + HQ,ﬂ) + COHy, < TCF vt 1

(62)

T; = Tz_mptv (6aa)
EQ;:th 2 EQ/;thoptﬂ Vk7 tv h (6ab)
HQ}J;Z = HQj_tlopm V]7 Z, [ (6ac)
]UE/:ftmh ZJUE/;tmhnptv Vk7 ta m, h (6ad)
]U ]tnl —]u ]tnlopt’ V]7 L,n, l (636)
where T}, E thh and H Q are continuous decision vari-

ables, and ]UEktmh and ]LIH ., are binary ones; Tl‘tapt,
Ethhopt’ HQ]tlopt’ JUEktmhopt and ]u tnlopt are solutions
of the model B. As a result, the solutions for electricity
and heat supply model under the optimized targets
could be obtained by incorporating the solutions of the

above two sub-models.

Case study

The following regional electricity and heat supply man-
agement problem is used to demonstrate the applicabil-
ity of the developed ITSDP model. In this study system,
a decision maker is responsible for electricity and heat
to multiple users through several technologies on an
annual cycle based on different pollutants emission per-
missible levels. Since different environmental restric-
tions, the decision maker would take expected electricity
and heat demand into account to make fossil and renew-
able resources utilization optimal, manage electricity and
heat generation and plan the equipment expansion.
Mostly, increasing electricity and heat demand could
lead to facility expansion, fuel exploitation and energy
imports. However, it is unpractical to achieve sustainable
development with the ever-increasing economic and en-
vironmental costs, unlimited facility expansion and en-
ergy exploitation (Liu et al. 2000). Thus, the problem is
how to incorporate different pollutants emission reduc-
tion control levels into regional electricity and heat plan-
ning. In this study system, planning period is on an
annual cycle, with heating seasons and no heating sea-
sons. Multiple energy resources/technologies need to be
allocated to multiple end users. Traditional energy re-
sources (e.g., coal, natural gas) with limited availabilities
and renewable resources (e.g., wind) are utilized to meet
the electricity and heat demand. More specifically, coal
and natural gas are both used for electricity generation;
wind is a supplement for electricity generation; the co-
generation system of electricity and heat is another
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energy-efficient way. The electricity and heat demands
during one year are affected by many uncertainties, such
as the growing population, energy-transformation rate,
electricity and heat prices and changing weather; all of
those factors would produce many complicated uncer-
tainties (Li et al. Li et al. 2006a, b; Liu 2007; Li et al.
2008). In addition, these uncertainties are intricate be-
cause of a series of imprecise information (e.g., social,
economic, environmental, seasonal and geographic con-
ditions, energy carrier characteristics). They could only
be expressed as distribution information or intervals
when most data can hardly be available determinately.
Once these uncertainties are determined, system costs,
efficiencies and capacities of each technology could be
defined.

Under different environmental quality standards, deci-
sion maker is responsible for these followings (Lehtila
and Pirila 1996):

(1) Assigning electricity load to four convention
technologies (e.g., coal-fired power, natural-gas-fired
power, wind power and cogeneration of power and
heat) and heat load to three convention technologies
(e.g., coal boiler heating generation, natural-gas
boiler technology and cogeneration of power and
heat);

(2) Planning the facility expansion of electricity and
heat generation;

(3) Managing the fossil fuels purchases (including coal
and natural gas).

If actual supply could not meet users’ demands, decision
maker would invest more funds on capacity expansion or

Table 1 Electricity demands under different probability
distributions

Electricity demand (103GWh)

Level Low Medium High
Probability 0.2 0.6 0.2

t=1 [486, 600] [526.5, 650] [567, 700]
t=2 [445.5, 550] (486, 600] [526.5, 650]
t=3 [445.5, 550] [486, 600] [526.5, 650]
t=4 [486, 600] [526.5, 650] [567, 700]
t=5 [486, 600] [526.5, 650] [567, 700]
t=6 [526.5, 650] [567, 700] [607.5, 750]
t=7 [567, 650] [607.5, 700] [648, 750]
t=8 [567, 650] (607.5, 700] [648, 750]
t=9 [500, 600] [607.5, 650] [648, 700]
t=10 [445.5, 550] [486, 600] [526.5, 650]
t=1 [445.5, 550] (486, 600] [526.5, 650]
t=12 [469.8, 580] [510.3, 630] [550.8, 680]
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Table 2 Heat demands under different probability
distributions

Heat demand (T)J)

Level Low Medium High
Probability 0.2 0.6 0.2

t=1 [810, 1000] [972, 1200] [1053, 1300]
t=2 [810, 1000] [972, 1200] [1053, 1300]
t=3 [810, 1000] [972, 1200] [1053, 1300]
t=4 / / /

t=5 / / /

t=6 / / /

t=7 / / /

t=8 / / /

t=9 / / /

t=10 [810, 1000] [972, 1200] [1053, 1300]
t=11 [810, 1000] [972, 1200] [1053, 1300]
t=12 [810, 1000] [972, 1200] [1053, 1300]

turn to purchase shortfall from other enterprises with
higher costs; both of the programs would make the region
economic interests punished.

In this study, sulfur dioxide, nitrogen oxide and par-
ticulate matters (PM10) are considered as main gaseous
emission generated from fuel combustion in electricity
and heat conversion; based on the gaseous pollutants
emission intensity and specific demand of fuel in power
and heat supply, the total amount of sulfur dioxide,

Table 3 Economic data
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nitrogen oxide and particulate matters (PM10) emission
could be calculated. The fuel demand has been predicted
in each month, whether or not consider pollutants emis-
sion reduction, fuel supply would be determined to meet
users demand. Therefore, under the scenarios of pollut-
ants emission reduction, three electricity generation pro-
cesses are forced to decarbonize in energy system. At
the same time, pollutants emission intensity are affected
by many uncertain factors (e.g., pollutants emission in-
ventory, reduction control measures, related costs, wea-
ther situation), which can be presented as interval
numbers without distribution information. The availabil-
ities of electricity and heat demand are directly influ-
enced by natural fluctuations, which can be expressed as
probability distributions. Most of other parameters (en-
ergy demand, technological convention efficiency, and
utilization factors) are indicated as intervals. Tables 1
and 2 show the available electricity demands and heat
demands under different probability distributions; Table 3
presents some corresponding economic data; gaseous pol-
lutants emission intensity is listed in Table 4. Besides,
coal-fired power has a residual capacity of 0.9 GW,
natural-gas-fired power has a residual capacity of 0.6 GW,
CHP (Combined Heat and Power) has a residual capacity
of 0.75 GW, wind power has a residual capacity of 0.27
GW; coal boiler heating generation has a residual capacity
of 1.8 TJ, natural-gas boiler technology has a residual cap-
acity of 1 TJ and cogeneration of heat and power has a re-
sidual of capacity of 1.5 TJ. The technical data and
representative costs are investigated in government report

t=1 t=3 t=5 t=7 t=9 t=11

Regular cost for electricity generated by each technology ($10°/GWh )

Coal-fired [4.88, 5.78] [4.88, 5.78] [4.88, 5.78] [4.88, 5.78] [4.88, 5.78] [4.88, 5.78]
Natural gas-fired [4.30, 5.20] (430, 5.20] [4.30, 5.20] [4.30, 5.20] [4.30, 5.20] (430, 5.20]
Wind power [5.23,7.51] [2.79,3.29] [2.79, 3.29] [2.79,3.29] [2.79,3.29] [2.79,3.29]
CHP [2.79,3.29] [2.79,3.29] [2.79, 3.29] [2.79,3.29] [2.79,3.29] [2.79,3.29]
Regular cost for heat generated by each technology ($10%/T))

Coal [1.14,1.61] [1.14,143] [1.14,1.43] [1.14,143] [1.14,143] [1.14, 149]
Natural gas [1.78,1.93] (144, 1,77 [1.44,1,77] [1.44,1,77] (144,177 (151, 1,77
CHP [061,091] [0.61, 0.80] [0.61, 0.80] [0.61, 0.80] [0.61, 0.80] [061, 0.84]
Surplus cost for electricity generated by each technology ($10%/GWh )

Coal-fired [2.88,3.35] [2.88,3.35] [2.88, 3.35] [2.88,3.35] [2.88,3.35] [2.88,3.35]
Natural gas-fired [2.46, 2.88] [2.46, 2.88] [2.46, 2.88] [2.46, 2.88] [2.46, 2.88] [2.46, 2.88]
Wind power [1.78,233] [1.78,233] [1.78,233] [1.78,233] [1.78,233] [1.78,233]
CHP [2.88,3.35] [2.88, 3.35] [2.88, 3.35] [2.88,3.35] [2.88,3.35] [2.88,3.35]
Surplus cost for heat generated by each technology ($10%/PJ)

Coal boiled [0.56, 0.76] [0.33,0.53] [0.11,0.31] [0.16, 0.36] [0.36, 0.56] [0.40, 0.60]
Natural gas boiled [0.33,0.53] [0.25, 0.45] [0.25, 0.45] [0.25, 0.45] [0.25, 0.45] [0.33, 0.53]
CHP [0.44, 0.64] [0.28, 048] [0.278, 0.48] [0.28, 0478] [0.28, 048] (037, 0.57]
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Table 4 Parameters of contamination
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t=1 t=3 t=5 t=7 t=9 t=10 t=11 t=12
SO, emission intensity of each power generation technology (tones/GWh)
Coal-fired [7.2,8] [7.2, 8] [7.2, 8] [7.2, 8] [7.2, 8] [7.2,8]
NG-fired [0.054, 0.06] [0.054, 0.06] [0.054, 0.06) [0.054, 0.06] [0.054, 0.06] [0.054, 0.06)
CHP [7.38, 8.2] [7.38,8.2] [7.38,82] [7.38,8.2] [7.38,8.2] [7.38,8.2]
Wind / / / / / /
NOy emission intensity of each power generation technology (tones/GWh)
Coal-fired [6.26, 6.95] (6.26, 6.95] (6.26, 6.95] [6.26, 6.95] [6.26, 6.95] [6.255, 6.95]
NG-fired [0.78, 0.87] [0.78,0.87] [0.78,0.87] [0.78,0.87] [0.78, 0.87] [0.78, 0.87]
CHP [6.26, 6.95] [6.26, 6.95] [6.26, 6.95] [6.26, 6.95] [6.26, 6.95] [6.255, 6.95]
Wind / / / / / /
PM;o emission intensity of each power generation technology (tones/GWh)
Coal-fired [29,34] (29, 34] (29, 34] [29,34] [29,34] [29,34]
NG-fired [0.05, 0.075] [0.05, 0.075] [0.05, 0.075] [0.05, 0.075] [0.05, 0.075] [0.05, 0.075]
CHP [29,34] [2.9, 34] [2.9 34] [2.9, 34] [2.9, 34] [2.9,34]
Wind / / / / / /
SO, emission intensity of each heat generation technology (tones/PJ)
Coal boiled [2.48, 2.92] (248, 2.92] [238,292] [248,2.92] [238,2.92] [248, 2.92]
NG boiled [0.016,0.019] [0.016,0.017] [0.016,0.014] [0.016,0.011] [0.016,0.014] [0.016,0.019]
CHP [0.745,0.816] [0.745,0.816] [0.745,0.816] [0.745,0.816] [0.745,0.816] [0.745,0.816]
NOy emission intensity of each heat generation technology (tones/PJ)
Coal boiled [0.84, 1.08] (0.84, 1.08] (0.84, 1.08] [0.84, 1.08] [0.84, 1.08] [0.84, 1.08]
NG boiled [[0.17,0.25] [0.14, 0.22] [0.11,0.19] [0.1,0.18] [0.09, 0.17] [0.14, 0.22]
Electricity [0.214,0.324] [0.214,0.324] [0.214,0324 [0.214,0.324] [0.214,0.324] [0.214,0.324]
PM;o emission intensity of each heat generation technology (tones/PJ)
Coal boiled [0.23, 0.38] [0.23,0.38] [0.23,0.38] [0.23, 0.38] [0.23, 0.38] [0.23, 0.38]
NG boiled [0.039,0.042] (0.039,0.042] (0.039,0.042] [0.039,0.042] [0.039,0.042] [0.039,0.042]
Electricity [0.093,0.114] [0.093,0.114] [0.093,0.114] [0.093,0.114] [0.093,0.114] [0.093,0.114]

and other related documents (USDE and USEPA 2000;
Iniyan and Sumath 2000; Cormio et al. 2003; Kristoffersen
2007; Fleten and Kristoffersen 2008; Cai et al. 2008, 2009;
Carla and Carlos 2011).

Results and discussion

The objective of the ITSDP model is to minimize the
costs of the overall system under different gaseous pol-
lutants reduction levels during one year. Solutions pro-
vide an effective relationship between the preexisting set
of environmental standardize policies and the associated
economic interests, for example, improper policies would
cause losses and penalties. The results contain a com-
bination of some deterministic, interval and distributional
information, it means, therefore, different forms of uncer-
tainties could be reflected out with less error (Li et al., Li
et al. 2006a,b). The interval results provide managers
multiple decision alternatives and form the basis for fur-
ther study of trade-offs between electricity and heat

management cost and so-caused gaseous pollutants emis-
sion reduction in electricity and heat generation; the bin-
ary variable solutions stand for the decisions of facility
expansion, so that several alternative schemes are gener-
ated; the continuous variable solutions are interrelated
to electricity and heat generation and energy resources

supply.

Solutions without pollutants emission reduction considered
This case is raised as a reference to show a pattern of
energy production and system development without
constrains on gaseous pollutants emission reduction
(that is 0% pollutants-emission reduction).

Figure 1 shows the results of electricity schemes under
this case, from which we can see thermoelectricity
would be the largest energy resource among all electri-
city generation options during the whole year. Because
combined heat and power (CHP) is a key energy-saving
project as well as technology popularization system
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coal-fired
coal-fired
CHP
NG-fired

[T e —
wind power g
wind power

=8

advocated by government. The next most likely methods
are, in order, coal-fired power and natural gas-fired
power; as the traditional energy resources, they are still
an essential part of power supply and share the load.
Wind power would provide considerable amounts of
electricity as a kind of clean energy; however, the weak
wind power system and long distance from load center
limit the development of wind farm, which would have a
direct impact on wind installed capacity. As seen from
Figure 1, electricity production would fluctuate smoothly
in one year; overall, the main way of electricity produc-
tion influenced by some factors (e.g., economy growth,
colder/warmer season) would seasonally vary. The pre-
regulated coal-fired power generation would be in-
creased from [91.27, 124.30] GWh in February to
[157.60, 207.42] GWh in May; for the natural gas-fired
power, its plan would be [74.02, 95.36] GWh in March
and up to [146.59, 158.32] GWh in July; for the CHP, its
pre-regulated targets would be decreased from [247.96,

283.61] GWh in January to [181.97, 226.59] GWh in
August. The pre-regulated wind power targets would re-
main 54 GWh over the year. The solution of planned
heat generation is shown in Figure 2. If the planned elec-
tricity and heat cannot meet the random demand, the
insufficient electricity has to be produced under different
demand levels.

Gaseous pollutants (e.g., SO,, NOx, PM10) emission
associated with energy exploitation mostly from the
burning of fuels can be categorized into generation in
power supply and generation in heat supply. Figure 3
and Figure 4 present the detailed solutions of these three
pollutants emission during a year. Different energy re-
sources would be supplied to these electricity and heat
generation technologies to meet the demands; the
amount of pollutants emission would be related to en-
ergy activities. From Figure 3, the greatest output pollu-
tant would be NOx in electricity and SO, in heat from
Figure 4; PM10 would be a small value. SO, and NOx



Li et al. Environmental Systems Research 2014, 3:18
http://www.environmentalsystemsresearch.com/content/3/1/18

Page 12 of 18

450 4
)
H
£ 300 A
g
=
&
=
3
=
=
3
g
£ 150 4
B
0 4
& z = | 2| &
e g S5 3
E ¢ ¢ |
t=1 =2
600 1
500 A

w &
i=3 (=3
(=} (=}

[
(=3
(=}

Planned heat generation(PJ)

100 1

dHD
PAI-ON
paity-[e0d
PaIy-ODN
pany-[eod

o
o
=
oy
g
(=%

t=1 =2

Figure 2 Optimized heat generation in different periods.
A

(a) lower bound

(b) uppperbound

el s | 2l &l | 2|5z
S| | 2|8 |25 |8 =<
] g ] g ]
Z S Z S Z

t=3 t=11 t=12

dHD
PA-DON
paiy-[e0d
dHD
PaIJ-ON
paiy-[eod
dHD
PRA-ON

=3 t=11 =12

are still the main pollutants; in addition, CO, would be
under control as a major kind of greenhouse gases. The
coal-fired power generation and coal boiler heat gener-
ation technologies would be the largest pollutants and
greenhouse gas emission source.

Solutions under pollutants emission reduction

In this study, two scenarios of pollutants-emission re-
duction are considered (i.e. 10%, and 20% of total pollut-
ants -emission reduction). The results indicate that
increased substantive capacity expansion investment for
clean energy (to reduce pollutants emissions) could lead
to an increased system cost. The results indicate that the
increased capacity expansion investment for clean en-
ergy (proven to be effective for pollutants emission re-
duction) could lead to a higher system cost. Based on
the results of the scenario of 0% pollutants emission re-
duction, coal and natural gas would be supplied to guar-
antee the electricity and heat demand. Next, Figure 5
shows clean energy resources storage. Compared with
the result that no considering pollutants emission

reduction, the amount of wind power would be largely
decreased, especially, excess wind power would be stored
to meet electricity demand in the future. The utilization
of wind power under scenarios of 10% and 20% pollut-
ants emission reduction would increase, compared to
the consumption under 0% pollutants emission reduc-
tion condition. That is to say, under the scenarios of
10% and 20% pollutants reduction, the fuel-fired power
would decrease with pollutants reduction increasing. For
example, in April, electricity generated from coal-fired
power conversion technology would be [157.60, 207.42]
GWh under 0% pollutants emission reduction, [146.30,
159.60] GWh under 10% pollutants emission reduction
and [108.85, 145.83] GWh under 20% pollutants emis-
sion reduction. Compared the supplies of two energy re-
sources under pollutants emission condition, natural gas
supplies would be higher than coal supplies. Therefore,
it recommends that natural gas would be more popular
than coal in a condition of considering the pollutants
emission reduction. This is because the amount of pol-
lutants emission would be confined in a certain level
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Figure 3 Quantity of pollutants emission in electricity generation.

and coal-fired electricity conversion technology corre-
sponds to a higher pollutants emission rate than natural
gas-fired conversion technology. In addition, the in-
creased clean energy (wind power) electricity conversion
technology and power conversion technology with higher
energy utilization efficiency (CHP) also share the excess
electricity load caused by the decreased coal supplies to
meet different pollutants emission-cutting policies.

Discussion

Compared the contribution of various electricity gener-
ation technologies to the medium power demand, it pre-
sents that different electricity conversion technologies
have various generation quantities under changed pollut-
ants emission- cutting scenarios. As the above analysis,
in the respect of energy type, coal-fired electricity would
be the mainly power supply source under 0% pollutants
emission reduction. Natural gas-fired electricity conver-
sion technology would play a key role in the power gen-
eration activities, coal-fired power would be in a second
place and wind power would be the supplement under
10% and 20% pollutants emissions reduction. This is

because coal-fired electricity conversion technology has
comparatively low operating and penalty costs and rela-
tively low capital cost for capacity expansion, and the re-
lated cost of natural gas-fired electricity conversion
technology is a little higher than coal-fired power and
the pollutants emission from natural gas-fired power
generation process is smaller relatively. The maximum
optimized wind power generation would be 0.5 GWh in
April, July and October, due to the relatively higher op-
erating cost and capital cost for its storage, which limits
the development of wind power. The dominant role of
coal-fired electricity would be displaced by some other
conversion technologies with an increased demand for
pollutants emission reduction. For example, under 20%
pollutants emission reduction, the optimized coal-fired
power target would decrease to [39.94, 46.20] GWh in
January; although fuel-fired power would decrease, the
optimized targets of wind power would have a growth
and play an important role to meet electricity demand.
It indicates that environment-friendly electricity conver-
sion technologies should better serve interests of the
pollutants emission reduction and be chosen for power
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generation to meet the ever-increasing electricity de-
mands and gradually enhancing pollutants emission re-
duction requirements. These are optimized conclusions
in terms of pollutants emission-cutting; from view point
of energy saving, CHP would be properly adopted in
electricity and heat generation progress.

As shown in Figures 6, 7, 8, the system cost would rise
up along with the growing intensity of pollutants emis-
sion reduction. Without pollutants emission reduction,
the system cost would be $[172.20, 269.96] x 10° and
the system cost would become $[187.64, 297.45] x 10°,
$[242.33, 471.41] x 10° under 10% and 20% pollutants
emission reduction respectively. One of the major reason
is that the traditional power and heat generation tech-
nologies (coal-fired and natural gas-fired) would grad-
ually be replaced by lean energy (wind power)and more
effective technologies (CHP) when the restrictions on
pollutants emission are considered. Besides, the growing
electricity and heat demands also lead to some degree of
electricity and heat generating facilities to be expanded,
resulting in a high capital cost.

Without ILP, the pollutants emission management and
programming problem can also be solved by fixed-mix
stochastic programming approach though adopting their
mid-point values instead of the interval parameters. Un-
doubtedly further sensitivity analysis could be under-
taken, but the model still cannot efficiently reflect the
interactions among these uncertainties because each so-
lution can only provide a single result corresponding to
variations of the uncertain inputs. Likewise, if best/worst
sub-models are solved, we can only obtain two solutions
under extreme scenarios (best condition and worst con-
dition). They are serviceable to judge the possibility that
desired goal realizes but not necessarily build a series of
stable intervals for decision variables.

Thus, the best/worst case analysis is not efficiently
useful to produce decision alternatives. Actually, it is a
special type of sensitivity analysis for extreme conditions
(Huang et al. 2001).

From the above analysis, we can conclude that the so-
lutions worked out from the ITSDP are value for mak-
ing decisions of energy resources allocation, capacity
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Figure 6 System cost under 20% pollutants emission reduction.
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reallocated, the pre-arranged capacity expansion options
of power and heat generation technologies would be
reselected.

Conclusions

An inexact two-stage dynamic programming (ITSDP)
model has been developed for planning pollutants emis-
sion management and electricity and heat supply systems
under uncertainties. This method based on interval-
parameter programming and two-stage stochastic pro-
gramming so that it allows uncertainties expressed as both
interval values and probability distributions to be incorpo-
rated within a common optimization framework. Further-
more, ITSDP also addresses various dynamics such as
capacity expansion, storage of wind power and pollutants
emission reduction scenarios related to different levels of
economic implications. Probability distributions of power
and heat demand can be integrated into a optimization
process under a train of fixed levels by introducing fix-
stochastic programming, which has significance advan-
tages in reflecting uncertainties in large-scale problems.
Accordingly, the developed model has been applied to a
case of electricity and heat supply management planning.
The results of this case study suggest that the model is ap-
propriate for reflecting complexities of regional electricity
and heat supply management systems and incorporating
pollutants emission reduction issue during one year.

The prospect method could help decision-makers
identify required management policies under changeable
environmental and economic considerations. Neverthe-
less, there still exists much space for improvement of
this model. As a powerful supplement to TSP, ITSDP
can reflect the dynamic variations such as sequential
structure and simplify large quantities design scenarios
in case the problem of “dimension disaster” happen.
This study is attempted to integrate IPP and TSP
methods into a general framework, and apply the ITSDP
for pollutants emission reduction management under
uncertainty. In addition, the optimization algorithm is of
value on other environmental issues or energy program
problems within complex uncertainties. There are also
other programming techniques can be integrated with
ITSDP for handling more complicated cases, fuzzy pro-
gramming for instance.
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