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Unit Commitment with Dynamic Cycling Costs

Niamh Troy, Student Member, IEEE)amian Flynn,Senior Member, IEEBVichael Milligan, Senior
Member, IEEEand Mark O’Malley,Fellow, IEEE

Abstract—Increased competition in the electricity sector and
the integration of variable renewable energy sources is resulting
in more frequent cycling of thermal plant. Thus, the wear-
and-tear to generator components and the related costs are a
growing concern for plant owners and system operators alike.
This paper presents a formulation that can be implemented
in a MIP dispatch model to dynamically model cycling costs
based on unit operation. When implemented for a test system
the results show that dynamically modeling cycling costs reduces
cycling operation and tends to change the merit order over time.
This leads to the burden of cycling operation being more evenly
distributed over the plant portfolio and reduces the total system
costs relative to the case when cycling costs are not modeled.

Index Terms—Thermal Power Generation, power system mod-

eling
NOMENCLATURE
Indices/Sets
t, T Time step, set of time steps
g9,G Units, set of units
0,1 Interval of cycling cost function, set of in-

tervals of cycling cost function
gy dJ Level of ramp, set of all ramp levels

I, L Segment of the piecewise linearization of the
variable cost function, set of all segments of
the piecewise, linearization of the variable
cost function

Constants

ag,bg, cq Coefficients of the quadratic production cost
function for unitg

costf Cycling cost increment incurred by unit
for each additional start-up

Th (i) it" threshold corresponding to cumulative

' start-ups by uniy
costf(i) Cycling cost increment incurred by unit

for each additional start-up, until cumulative
start-ups N;(t,i)) reach a given threshold
(Th5(i+1))
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production change (MW) over time periad
deemed damaging for unit

jt* production change (MW) over time pe-
riod t deemed damaging for unit

Cycling cost increment incurred by unit
for each additional ramp- R,

it" threshold corresponding to cumulative
ramps for unitg

Cycling cost increment incurred by unitfor
each additional ramp, until cumulative ramps
(N[(t, 1)) reach a given threshold ./ (i +
1))

Total number of intervals in cycling cost
function for unitg

Number of ramp levels defined for unjt
Maximum capacity of uniy

Minimum capacity of unitg

Fixed cost for unitg ($/h)

Number of segments in piecewise lineariza-
tion of the variable cost function of unit
Slope of segment of the variable cost
function of unitg

Upper limit of block! of the piecewise linear
production cost function of unig (MW)
Minimum up time of unitg

Minimum down time of unity

Number of hours in the planning period
Number of hours unity must be offline,
beyond its minimum downtime, before it is
considered to be in a cold state

Cold start-up cost for uniy

Hot start-up cost for unit

Number of hours uniyy has been online for
at start of planning period (h)

Number of hours uniy has been offline for
at start of planning period (h)

Large number

Scaling factors

Binary Variables

equal to 1 when a unit starts up at time
equal to 1 when a unit shuts down at tirhe
equal to 1 when a unit is online at tinte
equal to 1 whenVg(t,1) > Thg(i) at time
t

equal to 1 when a unit undergoes ramp
R, between time — 1 andt

equal to 1 when a unit undergoes ramp
R,(j) between timet — 1 andt



stept(t,1 equal to 1 whenVg(¢, > r(z) atume (Ccomponent modeling). carried out a top-aown study uti-
Rt I to 1 whenNg(t,1) > Thr(i) at ti ( t modeling). EPRI ied out a top-d tudy uti

t lizing multivariate regression models to analyze the operating

regimes of 158 units from NERC (North American Electric

Positive Variables geliability C((j)rgoEr;t;)n)CGA_DS (GeEer_atiQQ Al\\;laile}bililty Dactjta
Ngs(t) Cumulative start-ups for unis . ystem) an ' (. ontinuous r:ussonl omtormg) ata
N (i) Cumulative start-ups for unity beyond in an attempt j[o identify patterns re atlng plant 'operatlon .to
g thresholdThS (i g capital expenditure. However, the inconsistency in accounting
oS T resl N i s () ibuted ¢ rpractices between the units complicated the modeling and no

5 () uﬂ?? cycling cost attributed to start-ups 1ofq e 1ation was found [9], [10]. Intertek Aptech employ a com-

g

bination of top-down models based on historical operations,

Né:(t), Cumulative ramps> R, for unit g forced outage and cost data as well as bottom-up methods
Ny'(t,19) Cumulative ramps> ft, beyond threshold pich calculate operational stresses and the life expenditure of
n Thy (q) for unit g _ _ critical components to determine cycling costs for individual
Cy (1) Total cycling cost attributed to ramping for yenerating units [6]. Intertek Aptech have analyzed cycling

unitg , ) costs for over 300 generating units and found that the cost of
cy(t) Production cost for uniy at time? cycling a conventional fossil-fired power plant can be as much
cq(t) Start-up fuel cost for uniy at timet as $2,500-500,000 per start/stop cycle depending on unit age,
Py(t) Output (MW) for unitg at time¢ operating history and design features, and these costs are often
D(t) System demand (MW) attime gro6qly underestimated by utilities [6], [8].
di(g,t) Power produced in block of the piecewise ™ Not“considering these costs, however, will result in an un-
ltli?ne:; ?I\r/lci/(\j/l)mtlon cost function of unif at  gconomic plant dispatch, yet markets currently do not include

specific cycling cost components in their bidding mechanisms,
or at best cycling costs are bundled into a generator’s start-
. INTRODUCTION up or operating costs. Depending on the operating regime of
NCREASED competition in the electricity generation se@ plant, these cycling related costs can accumulate rapidly
tor coupled with the large-scale deployment of variablend are therefore dissimilar to plant characteristics such as
renewable energy sources, particularly wind power, has ladat rate, which typically vary over a much longer time-scale.
to increased plant cycling in power systems worldwide [1[[herefore, to examine the impact of these costs accurately,
[2]. Cycling may be defined as frequent start-ups or rampirigey should be modeled in a dynamic manner such that they
of units. Some generation types (such as hydro or even opaneumulate within the optimization process based on how
cycle gas turbines) are more suited to frequent cycling, hbilie unit is being operated and thereby can influence dispatch
for others, particularly units designed for base-load operatiatgecisions.
cycling can accrue large levels of damage within the plant’s This paper presents a novel formulation to dynamically
components leading to increased maintenance requiremantsdel these cycling costs, which can be integrated into a MIP
and forced outage rates. Thermal shock, metal fatigue, cor(oixed integer programming) unit commitment and economic
sion, erosion and heat decay are common damage mechanidiggatch model. This facilitates more accurate modeling of
that result from cycling operation [3] and work done irthese costs and examination of how they accumulate in line
[4] and [5] has attempted to limit such operation via theith the operating regime of the plant. The formulation defines
incorporation of ramping constraints in the dispatch algorithra. cycling cost which increments with each additional plant
In the absence of such constraints, the wear-and-tear whathrt-up or ramp with the resulting cost function being linear,
arises due to cycling will incur increased maintenance cogiecewise linear or step-shaped. A case study is included
for generators, and in addition to this, loss of revenue duetm determine how implementing dynamic cycling costs for
more frequent and longer outages, increased fuel costs duattest system over a period of up to three years will affect
more frequent start-ups and reduced plant efficiency, as wile resulting dispatch, relative to a scenario where cycling
as additional capital costs due to component replacement casts are not considered. This new approach to modeling
also be expected. Studies indicate that the magnitude of thegeling costs is particularly suitable for long-term planning
cycling related costs are high, but accurately quantifying thestudies where it can be used to reflect the ageing effect on
is challenging [6], [7]. The level of wear-and-tear for a uniai plant over time. It may also have applications for real-
that undergoes cycling operation will be dependent on mamprld market models where it can discourage the same unit
factors including the operating history of the plant (i.e. hofrom being repeatedly dispatched to cycle by incurring an
much creep damage it has accumulated), and the engineefirgyemental cost to reflect the wear-and-tear to that unit, which
design of the plant. It is also typical to see a time lag of severedn consequently alter its position in the merit order.
years from when cycling occurs to when the damage manifestsThe paper is organized as follows: Section Il details the
itself [8]. formulation of dynamic cycling costs, Section Ill describes a
Research related to the cost of generation cycling hasit commitment model and economic dispatch model used
been undertaken by EPRI (Electric Power Research Institute)implement the dynamic cycling cost formulation and also
and Intertek Aptech and the approaches employed can describes the test system, Section IV details the results of the
categorized as top-down (statistical analysis) or bottom-gpse study and Section V summarizes the findings.



Il. FORMULATION OF DYNAMIC CYCLING COSTS

A detailed formulation for implementing dynamic cycling
costs which increase in line with unit operation is presented.
Cycling costs are subdivided into costs for (A) start-ups and
(B) ramps. The formulation utilizes three main steps: (i) a
binary variable is set to indicate that damaging operation has
occurred at time stefy (ii) a counter tracks how much of that
type of operation has occurred up to that point, and (iii) an
incrementing cycling cost is incurred at that time step. Linear,
piecewise linear and step-shaped cost functions for both start-
ups and ramps are detailed here.

2 (1)

)
g

400 -

Start-up Related Cycling Costs ($), C

0 1 2 3 4
A. Cycling costs related to start-ups

1) Linear: Constraints (1)-(3) allow a dynamic, linearly
incrementing cost for wear-and-tear related to start-ups to be _ , _ _
modeled. Based on the online binary variabig(t), constraint F9- 1. Linearly increasing start-up related cycling cost
(1) sets the start-ups,(t), and shut-down,z,(t), binary
variables equal to 1 appropriately, when upits started up which counts the cumulative number of start-ups. For 1
or shut down at time. Constraint (2) increments a counterthe start-up counterN'S (¢, ), will not have a positive vaIL,Je
Ngs(t), to track how many start-ups have been performed .tﬁ%til N;f(t71) has regch,ed'rhg(i). Thg(l) must equal 1.

that unit. Constraint (3) determines the start-up related cyclnag)nstraint (5) determines the total cycling cost. Table Il and

S : : . .
FHOSt;Fsé (\Qh V\:t?h thg f'?"’ill rt}eirmmer:jsu;mg ttr;?ttha C?]Si: 'st ;rr:yFigure 2 provide an example of a piecewise linearly increasing
curre en the decision Is made to start e unit at UMe,; tnction, whereostS(1) is set equal to 10Q;0st5(2) is

(|._e. s_g(t) = 1). Tabl_e | and Flgurg 1 provide an example Oget equal to 150 anﬁThsg(Z) equals 4.
this linearly increasing cost function, where the cycling cost 9
incrementcost;g is set equal to 100. (It is also possible to

initialize the counterV;’ (¢) with the number of start-ups that Ngs(t,z) > <Ngs(t —1,1) 4 s4(t) + 1> _ Thj(z),

Cumulative Start-ups, N; (1)

have been carried out previously if this is known). (4)
VteTl, VgeG, Vi<,
Sq(t) — 24(t) = vg(t) —vg(t—1), VteT, VgeG (1) I,
co(t) > Z <N_§ (t,i)-(costs (i) — costf(i— 1))) )
s s !
Ng(t)ZNg<t—1)+Sg(t),vtET,VgEG (2) —(1—sg(t))M,Vt€T,VgGG
g g g TABLE I
Cg (t) > Ng (t)'COStg - M'(l - 59@))7 VteT, Vy G(G; PIECEWISE LINEAR CYCLING COST FUNCTION
3
Time, t  sg(t) NZ(t,1) NJ(t,2) CJ(t)
TABLE | 0 5 5 5 5
LINEAR CYCLING COST FUNCTION
2 1 1 0 100
Time.t  sq(t) NZ(t) CS(t) 3 0 1 0 0
0 0 o s 1 2 o
2 1 1 100 5 o 5 0 0
3 0 ! 0 7 0 2 0 0
4 0 ! 0 8 1 3 0 300
5 1 2 200 9 0 3 0 0
6 0 2 0 10 0 3 0 0
7 0 2 0 11 1 4 1 450
8 L 3 300 12 0 4 1 0
9 0 3 0
13 0 4 1 0
. ) ) o 14 1 5 2 600
2) Piecewise Linear:By defining i thresholds,Thg(i), 15 0 5 2 0
each corresponding to a cumulative number of plant start-
ups, at which point the start-up related cycling ca@ﬁ(t), 3) Step Function: Alternatively, if less information is

will increase by incremental cosbst_g(i) for each additional known regarding the shape of the cost function an appropriate
start, a piecewise linear incremental cost function can kanplification may be to define a step function, whérﬁ(t)
modeled. Constraint (4) is a modified form of constraint (2Joes not increment untiThg(i) is reached. Again, it is
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Fig. 2. Piecewise linearly increasing start-up related cycling cost

required thatT'h$ (1) is equal to 1.N;(t,i) is determined
by constraint (6) and in this case can be greater than or
less than 0 (it was previously defined as a positive variable

TABLE Il
STEP COST FUNCTION

Time, t  sg(t) NF(t,1) NJ(t,2) C5(1)
0 -3 0
100
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only). Constraint (7) sets the binary variablep; (¢, i) equal

4) Hot and Cold Starts:Either the linear, piecewise linear

to 1 whenN; (t,i) has exceeded's (i), and constraint (8) or step formulations can be extended to differentiate between
determines the cycling cost. Table Il and Figure 3 provideot and cold start-ups for units. Constraint (9) will set the
an example of this incrementing, step-shaped cost functidmnary variables_g()ld(t) equal to 1 only if unitg is started
wherecost] (1, 1) is set equal to 1000st} (t,2) is set equal at time ¢, having been offline for7c® plus its minimum

to 150 andT'h; (2) equals 4.

N (t,i) = <Ngs(t 1,1) + s,(t) + 1> — Thi (i),

downtime, DT},. In constraints (2), (4) and (6) “5,4(t)’ is
replaced with “+s,(t) + a.s¢?'%(t)". A scaling factor,a, is
chosen based on the ratio of cycling damage caused by a hot
start relative to a cold start, and thus normaIiZ‘éﬁ(m) to

(6) )
VieT,VgeQ, Yi<lI, count in terms of hot starts.
NZ(t,i) — steps(t,i)-M < 0, Ty pr,
’ ) . (7) cold
VteT, VgeG, Vi<l 5570 (t) > v(t) — Z vg(t—n), VteT, VgelG
n=1
S/ S(y s 9)
Cs(t) > costy, (i)-stepy (t,i) — (1 —s4(t)).M, ®)

VteT, Vged, Vi<l

[~
=
=]
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Fig. 3. Step increasing start-up related cycling cost

B. Cycling costs related to ramping

1) Define one ramp levelThe simplest form of incurring
cycling costs related to ramping duty is to define a change
in output, R,, between consecutive time periods, greater
than which, damaging transients will occur within umit
Constraints (1X) and (11) ensure that the binary variatjle
is set to 1 when a change in output exceedig occurs.

To avoid double counting cycling costs when large ramps are
experienced in the start-up or shut-down process, the final term
ensures that the constraints are non-binding when the unit
is in the start-up or shut-down process. If the ramp-related
cycling costs are likely to exceed the start-up or shut-down
cost, constraint (12) is needed to prevent the model setting
s(t) and z(t) both equal to 1 in constraint (1), in order to
make constraints (IX) and (11) non-binding.

(pg(t) —pg(t — 1)) — Mg(t) < Ry + M-sy(t),

(10)
VteT, VgeG



(pg(t -1) _Pg(t)) — My(t) < Ry + M-24(t), 11 J

VteT,Vgeq 11) D rglt, ) S1LVEET, VgeG, V<], (14)
As with hot and cold starts, scaling factors &nd ~) are
sg(t) + zg(t) <LVEeT, Vgel (12)  ysed to normalizeV(t) to count in terms of one ramp level,
Utilizing the binary variable,r,(t), a counterNR( ) is as shown 'g contstraltnt%S) thhe'ra’ )|s£hexp;r(islsed mterrlnts q
defined, as before, to incur an incrementing, ramp- relatga onstraint (16) determines the total ramp-relate

cycling cost,CZ(#). Using the formulation from Section ILA, ycImg cost shown here with a constant cost increment,

the ramp-related cycling cost function may be linear, p|eceW|§ Stfl’ with the final term ensuring that the cost is only
linear or step-shaped. Constraints (2) and (3) are replaced vvﬂﬁu"ed in a time period when a ramp (1)) occurs.

the analogous ramp terms shown in Table IV to implement a

linearly incrementing cost. Constraints (4) and (5), or (6) to NR( t) = NR(t —1) + r4(t,1) + B-ry(t,2)

(8), are replaced with the analogous ramp terms as shown | vrg(t,j), VEET, YV ge G, ¥V j<j, (15)
in Table IV to define a piecewise linear, or step shaped,
incrementing ramp related cycling cost respectively. ;
TABLE IV Cf(t) > Nf(t)-cost? — (1 - ng(t,j))
ANALOGOUS TERMS j=1 (16)
Start-ups ~ Ramps VIET, VgeG, Vi<
sq(0) rq(t) To combine this formulation of ramp levels withi cost
Linear cosf(t)  cosfi(t) thresholds (i.e piecewise linear) constraints (15) and (16) are
N2 (t) NE () replaced by constraints (17) and (18), such that dﬁﬁ&t i)
U AU reaches'n [} (i), CE(t, i) will begin incrementing by-ost [ (i).
sg(t) rg(t)
osapaliiy sl A N () = (NRHE=11) + 74(81) + Brg(t,2)
Step THL)  ThE) ot gt ) + 1) = ThY(i)  (17)
c; ci VteT, VgeG,Vij<ij, Vi<lI,
stegf (t)  stegf(t)
Ig
2) Define multiple ramp levelsThe previous formulation, CR t) > Z <NR (t,7) costf(i) — costf‘(i _ 1)))
where one leveR, is set to define a ramp, can be expanded p
to incur a dynamic ramp-related cycling cost, fprramps j
of different magnitudesR,(j). Constraint (13) ensures that ng (t,j)M,VteT, VgeG, Vj<j,
for a ramp less thamR,(1), the binary variable,(t, j) will j=1
equal zero for allj. A ramp greater thai®, (1), but less than (18)

R, (2), will setry(t,1) equal to one, and so forth. The final
To include a step-shaped ramp related cycling cost function,
term ensures that the constraint is non-binding when the up P-shap P yeing

bnstralnts 6)-(8) are replaced with the analogous terms for
is starting up. A correspondlng constraint is needed for do 6)-(®) P 9

ramps, Where{pg —pg(t— 1)) in constraint (13) is replaced mping from Table 1.
with (pg(t—1)—py(t)) andM.s,4(t) is replaced withVf.z, (t).
Constraint (14) ensures that the binary variabjét, j), which
indicates that a ramp- R,(j) has occurred, can only have a To examine how cycling costs, modeled dynamically, will

value of 1 for one ramp Ievql at any given time. As before, impact plant dispatch the new formulation was implemented
constraint (12) is required to preves}(t) and z4(t) both in a conventional MIP unit commitment model based on [11],
being set to 1, to make constraint (13) and its correspondifi®]. The unit commitment problem was formulated as

down ramping constraint non-binding.

IIl. DISPATCHMODEL AND TEST SYSTEM

; Minimize Z Z ) + C’S( t) + C’f(t) (29)
(po1) = py(t = 1)) < Ry(1)-(1 = Y ry(t.) | e
j=1 subject to
+ Rg(2)1rg(t,1) + ... + Ry(j)rg(t,j—1) 13
+ Pyrg(t,§) + Mosy(t), ) Z;;pg(t) = D),vter (20)
where Ry(1) < Ry(2) < Ry(j)... < P, o
VteT,VgeG, Vj<j, py(t) < Pyug(t),VteT (21)



Minimum down time constraints were formulated using

pg(t) > Pyug(t),vteT (22) constraints (34), (35) and (36). Equation (31) is only included
if L, > 1.
As per [11], a piecewise linear approximation of a quadrauc v =
production cost function for each unit was adopted, as repre- t<Lg
sented by: D (vg(t)) = 0,¥geG (34)
t
t+DTy,—1
P(t) = Aguy(t ZFlélg NVteT,VgeG (23) {
g g g ) > .
nz::t vg(n) > DTy 24(1),V g€ G (35)

_ Vt =L, + 1.T-DT, + 1
= ) big(t) + Pyug(t),VteT,VgeG (24)

T
Z (1 = vg(n) — 2z4(t)) >20,VgeqG (36)
o1(g,t) <Tyy — P,VteT,Vgel (25) n=t - -
vt =T — DT + 2.T
— T down T
Si(gt) <Tiy — TiagVEETY g€ GV I—2.NL—1 " erehs M0, (L= (1) DI, = ™" +(1 = v,(1)
(26) The formulation was applied to the 10 unit test system used
in [11], [13], which was duplicated to give a 20 unit system,
oni(gt) <Py — Ty, -1 — Ti_1g, Yt €T,V g € G (27) thus facilitating a larger case study. The peak demand (1500
! MW) was doubled (3000 MW) and a historical, three-year
long, hourly demand profile for the Irish system was scaled to
produce a demand profile with a 3000 MW peak. The model

> =1.. . ; :
olgt) 20V teTVgeG, ¥I=1.NL (28) was run both for a single year and a three-year period, with

where A, = a, + b, P, + cgﬂz. and without cycling costs, optimizing each day at an hourly
Start-up costs which were dependent on the period of timesolution. The simulations without cycling costs (which do
the unit had been offline were modeled as follows: not model any cycling costs, either dynamically or as part of

the start-up costs) provide a reference case against which to
. compare the simulations which include cycling costs. In order
cg(t) = (”g(t) — vyt - 1))'hcg vieT, VgeG (29) to run the model for longer than one day it is necessary for
the values ot (t), py(t), h*?, k™, N7 (t) or N7 (t,i) and
NE(t) or NR(t i)to be carried over from one day to the next.

cold
N To” +PT Generator cycling costs are difficult to determine and largely
cg(t) = (vg(t) — Z vg(t = m))-ccq, (30) uncertain, as discussed in Section I. In addition, cycling costs
n=1 found in the literature are “static costs”, i.e. each generator
VteT, Vged start-up is assumed to cost the same as the next. By contrast

Minimum up time constraints were formulated by conthe model described in this paper utilizes a cost increment such
straints (31), (32) and (33). Equation (31) is only includethat each start-up (or ramp) is incrementally more expensive
if the number of hours a unit must remain online to satisfy itfian the previous one. Thus, the figures quoted in the literature

minimum up time,B,, is greater than or equal to 1. are not directly applicable for this model so some approxima-
tions had to be made. Conservative costs were chosen such

B that a gradual change in plant dispatch could be observed as

Z (1 _vg(t)) =0VgeC (31) cycling costs accumulated, as opposed to large incremental
! costs which would have caused drastic changes to the merit

order early in the simulation (and thereby would not have

t<By

t+UTg—1
been representative of reality). The relative magnitudes of the

> UT,5,(t),V g€ G ) / i . .
; vg(n) = gsg(1),V 9 (32) incremental costs used here (i.e. the size of incremental cycling

cost for a base-load unit versus a mid-merit unit etc.), as shown

in Table V, is based on those in [14].

. Piecewise linear costs for start- upsS and ramp.j,% were imple-
mented with the incremental costogt; (i) or cost,(i)) in-

z_:t (vg(n) = s(t) 20.¥g€G (33) creasing by 10% and 20% when the start countéf (t 1)), or

" Vi—T — UT + 27T ramp counter §%(t, 1)), exceeded 1001(h; (2) or Thi(2))

and 200 Ths( ) or ThR( )) respectively. The scahng factor,

where B, = max(0, vy(T)-UTy - hi? + vy(T)) a, was chosen to be 2 based on [15], i.e. each cold start

incrementede(t,l) by 2 (while a hot start incremented

Vt =By + 1.T-UT, + 1



TABLE VI
N&g(ta 1) by 1). Two ramp levels,R,(1) and R,(2) COITE~ |ypacT OF DYNAMIC CYCLING COSTS FOR STARTUPS ON TOTAL ANNUAL
sponding to 20% and 40% of the difference between maximum STARTS

and minimum output for a unit, were modeled. Scaling factors
were chosen such that ramps greater tifgyil) or R,(2)

No cycling Cycling cost for

. . Units costs modeled  start-ups modeled
mcrementengR(t, 1) by 1 or 2 respectively. _ P
Base-load (Units 1-4) 34 12
INCREMENTAL CYCLING COSTS$, (1=1) Peaking (Units 11-20) 577 838
Total 1983 1855
Units cost?(i) costf‘(i)
1-4 300 15 TABLE VI
5.10 60 3 IMPACT OF DYNAMIC CYCLING COSTS FOR STARTUPS ON AVERAGE
11-20 30 15 PLANT CAPACITY FACTORS (%)
No cycling Cycling cost for
Units costs modeled  start-ups modeled
IV. RESULTS Base-load (Units 1-4) 92.59 92.73
This section examines how plant dispatches for the test  Mid-merit (Units 5-10) 27.82 25.42
system are affected when (i) a cycling cost related to start- _Peaking (Units 11-20) 0.85 2.23

ups is implemented, (ii) a cycling cost related to ramping is
implemented, and (iii) cycling costs related to start-ups ar = 1w
ramping are implemented simultaneously. o 1400

1200

N

S

1000

A. Start-up Related Cycling Costs Results

Implementing a dynamic cycling cost for plant start-ups
as shown in Table V, over a one year period was seen
result in an overall reduction in plant start-ups. This is se¢
in Table VI, which reveals reducing start-ups for base-loc
and mid-merit units. For base-load units, the reduction
starts was correlated with increased production as, having
IargeSt incremental CyC”ng COStS’ these units aVOided Sh Units 5-10 no cycling costs modeled =—Units 11-20 no cycling costs modeled
downs and their online hours increased. This is evident through
the average capacity factor shown in Table VII. Mid-merifig. 4. Cumulative plant start-ups over one year, shown when dynamic
units, however, which also had reduced start-ups, saw redu€¥dng costs for starts were (i) modeled and (ii) not modeled
production indicating that they were utilized less often. As
these units were started up and shut down, and subseque
incurred cycling costs, it became more economical after sot
point to dispatch peaking units. Thus, start-ups and producti
increased for peaking units when a dynamic cycling cost fi
start-ups was modeled, as seen in Tables VI and VII. Figu
4 illustrates the cumulative start-ups for the mid-merit an
peaking units over a single year when (i) cycling costs we
modeled and (ii) when cycling costs were not modeled. Sta
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are seen to accumulate rapidly between 0 and 2000 hours . 0 5000 10000 15000 20000 25000
for hours greater than 7000, as these are the winter mon Time (Hour)
and thus have h|gher demand, requ”"lng more plant Start_u Units 5-10 with cycling costs for starts modeled = -Units 11-20 with cycling costs for starts modeled

Units 5-10 no cycling costs modeled —Units 11-20 no cycling costs modeled

Beyond 1000 hours the cycling costs which are accumulateu
by mid-merit plant begin to have an effect on their positiopig. 5. cumulative plant start-ups over three years, shown when dynamic
in the merit order and consequently peaking plant are seerctding costs for starts were (i) modeled and (i) not modeled

be dispatched more frequently. Figure 5 shows a similar trend

when cycling costs were modeled over a three-year period.

Units within the same class, i.e. base-load, mid-merit écheduled. This leads to the burden of cycling operation being
peaking, were also seen to converge to a similar numberrobre evenly distributed across the units. Over a long horizon
annual start-ups, as indicated by the reduced standard deviatlya effect can lead to a shift in the merit order, a trend which
of annual start-ups seen in Table VIII, when modeled for ore@n be seen in Figures 4 and 5 when dynamic cycling costs
year or three years. This indicates that once a unit has beegre modeled for one year or three years respectively.
cycled and its cycling cost is incremented, the next time a unitModeling dynamic cycling costs for plant start-ups was also
needs to be cycled the costs will have now changed such théband to result in increased generator ramping. Over one year
different unit (most likely the next in the merit order) may ba& 22% increase in ramping\f(f‘(u 1)) was observed, as seen



TABLE VI TABLE X

IMPACT OF DYNAMIC CYCLING COSTS FOR STARTUPS ON ANNUAL IMPACT OF DYNAMIC CYCLING COSTS FOR STARTS ON TOTAL PLANT

START-UPS PER UNIT GROUP START-UPS, SHOWN FOR VARIOUS MULTIPLES OFcostg(z‘)

No cycling Cycling cost for Base-load Mid-merit Peaking
cost modeled starts modeled (Units 1-4)  (Units 5-10)  (Units 11-20)

1 Year ‘ Avg. Std. Dev. Avg. Std. Dev. No cycling cost 32 1372 577
Bgse-loe}d (Ur.uts 1-4) 8.5 9.9 3 3.6 costg(z‘)*o.s 13 1104 781
Mld-merlt (Urnts 5-10) 228.7 75.7 167.5 26.1 costg(i)*l 12 1005 838
Peaking (Units 11-20) 57.7 73.1 83.8 275 cost;f(i)*z 13 041 896
3 Years . Avg. Std. Dev. Avg. Std. Dev. cost§ ()3 13 007 048
Base-load (Units 1-4) 25.5 29.8 9.25 10.7 costg(i)*lo 13 869 992

Mid-merit (Units 5-10) 686 227.2 502.3 66.2
Peaking (Units 11-20) 173.1 219.2 256.1 83.1

6 largest units on the system (units 1, 2, 3, 4, 9, 10) were
chosen based on the assumption that these units would be

in Table IX, relative to the case when no cycling costs welg ' impacted by cycling operation and thus most likely to

modeled. This Was_d_ue to generators being more frequerg% a wear-and-tear cost into the market if such an option
ramped down to minimum output, rather than shut-down, In

L . . . was available. The results showed that although the number
an effort to avoid incurring cycling costs for starting up. :
of annual start-ups was reduced for these units, the start-ups
TABLE IX for the other units increased by a much greater amount as seen
TOTAL GENERATOR RAMPING N[¥(t, 1), WHEN A DYNAMIC CYCLING in Table XI. This would indicate the need for a uniform policy
COSTS FOR STARIUPS IS MODELED FOR ONE YEAR relating to the bidding of cycling costs to be implemented in
markets, such that all units reflect their cycling costs, or do
not, to avoid the situation where only some generators are
bidding cycling costs as this leads to inefficient operation and
excessive costs.

Ramps

No cycling costs modeled 6726
Cycling costs for starts modeled 8214

To facilitate a sensitivity analysis, multiples of the initial TABLE XI
incremental CyCling COStS?,OStS(].) ShOWn in Tab|e V were CHANGE IN STARTS WHEN A SUBSET OF UNITS BID CYCLING COSTS FOR
. gt . ! START-UPS
also examined for one year. As the incremental cost was
increased the reduction in start-stop cycling that is achieved A Starts
by modeling dynamic cycling costs quickly saturated as seen Units 1.2, 3 4,9 10 -86
in Figure 6, thus indicating that the majority of plant cycling is All other units +256

unavoidable. Table X shows a breakdown of the total number
of plant start-ups by unit group, which again reveals that in-
creasing starts for peaking units are correlated with increasing
incremental cycling cost, as it becomes more favorable B Ramping Related Cycling Costs Results

dispatch these units due to the relatively larger cycling costsimplementing a dynamic cycling cost for plant ramping
associated with the mid-merit units. (The ripples in the curyghown in Table V) over one year resulted in a 90% reduc-
shown in Figure 6 result from the increasing starts for peakinign in ramping overall, as seen in Table XIl. As described
units, as seen in Table X.) previously, assuming a ramp greater than 20% or 40% of the
difference between a unit's maximum and minimum output
increments the ramp counteN(t), by a value of 1 or 2

2000

@1

s
g

1980

B respectively. The total value dVgR(t) at the end of the test
p’\] 1960 | year, summed for all units, is shown in Table XII. Base-load
g owe units which carried out the greatest amount of ramping when
i 1920 cycling costs were not modeled, saw the greatest reduction
; 19001 in ramping operation when cycling costs for ramps were
W implemented. The dramatic reduction in ramping that was
Z 1860 achieved by implementing dynamic ramping costs, however,
Z; 1840 1 led to increased start-stop cycling as might be expected,
g , X . . " N although only by 3.3% over the year. The most notable change
Multiple of cost’ (i) to the overall dispatch that resulted from the introduction of

dynamic ramping costs was a slight reduction in production

Fig. 6. Impact of dynamic cycling cost on total start-ups, shown for variof§0m base-load plant allowing for increased production from
multiples of cost; (i) mid-merit and peaking units as seen in Table XllI, thereby
spreading the ramping requirement over more units. Thus,

A scenario where cycling costs were only modeled for iacluding the ramping cost was also seen to result in a slightly
subset of the total fleet for one year was also examined. Tigeater number of units online (5.94 per hour on average when



dynamic ramping costs were modeled, versus 5.92 when n

cycling costs were modeled).

TABLE XII

IMPACT OF DYNAMIC CYCLING COSTS FOR RAMPING ON TOTAL ANNUAL
RAMPING (NE(t, 1))

No cycling Cycling cost for
Units costs modeled  ramps modeled
Base-load (Units 1-4) 3717 120
Mid-merit (Units 5-10) 2214 1224
Peaking (Units 11-20) 795 623
Total ramping 6726 1967
TABLE XIII

IMPACT OF DYNAMIC CYCLING COSTS FOR RAMPING ON AVERAGE PLANT
CAPACITY FACTORS (%)

Cycling cost for
ramps modeled

No cycling
Units costs modeled
Base-load (Units 1-4) 92.59
Mid merit (Units 5-10) 27.82
Peaking (Units 11-20) 0.85

92.21
28.61
1.02

C. Start-up and Ramping Cycling Costs Results

Implementing dynamic cycling costs (as shown in Tabl 400 -
V) for starts and ramping simultaneously over a one ye
period, reduced both types of cycling operation relative 1
the case when no cycling costs were modeled, as shown
Table XIV. Base-load units, having the largest cycling cost
see the greatest reductions in cycling operation. Nonethele
neither total starts nor total ramps were reduced in this scene
as much as starts alone or ramps alone were reduced w
cycling costs for starts or ramps were modeled individuall
However, when cycling costs for start-ups only were modele
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=1y
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< 20
=
(O
0 T
Cycling Cost for Cycling Cost for Cycling Cost for No Cycling Costs
Starts and Ramps Starts Only Ramps Only Modeled
Fig. 7. Cycling costs (that would have been incurred) shown for various
scenarios

system cost for the scenario in which cycling costs were not
modeled, but were calculated and added afterwards, it can be
seen that modeling cycling costs leads to lower system costs
overall. This is shown for one year in Figure 8 and for three
years in Figure 9. In these examples, the cost savings seen
are considerable, i.e. 54 M$ (14%) for one year and 493 M$
(30%) over three years. Thus, it can also be concluded that the
savings yielded by modeling cycling costs will increase over
time.

420 -

380 -

360 -

Total Costs (M$)

320 -

300

Total costs when cycling costs are modeled

B Total costs when cycling costs are not modeled but added afterwards

ramping operation increased and likewise when cycling costs

for ramping only were modeled, starts increased. Thus whep. 8. Total system costs when dynamic cycling costs are modeled and not
the cycling costs that would have been incurred due to bdtigdeled over one year

start-ups and ramping are examined (assuming the costs given

in Table V), the case in which cycling costs for start-ups ar-
ramping were modeled simultaneously had the lowest over
cycling costs, as shown in Figure 7. This would indicate th
modeling cycling costs for starts and ramping simultaneous
is the most cost effective way to reduce cycling and as su

one should not be considered without the other.

TABLE XIV

IMPACT ON TOTAL ANNUAL STARTS AND RAMPS WHEN DYNAMIC
CYCLING COSTS FOR BOTH STARTFUPS AND RAMPING WERE MODELED

No cycling costs

Cycling cost for starts

Units modeled and ramps modeled
Starts Ramps  Starts Ramps
Base-load (Units 1-4) 34 3717 12 144
Mid merit (Units 5-10) 1372 2214 1003 2069
Peaking (Units 11-20) 577 795 855 1456
Total 1983 6726 1870 3669

1800 -
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1400 -
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1100 -
1000

Total Costs (M$)

Total costs when cycling costs are modeled

® Total costs when cycling costs are not modeled but added afterwards

Fig. 9. Total system costs when dynamic cycling costs are modeled and not
modeled over three years

V. CONCLUSIONS

Finally, when total system costs are examined for the Interest concerning cycling costs is growing and this pa-
scenario including cycling costs and compared to the tofaér sets out a formulation that can utilize knowledge of



incremental wear-and-tear costs related to plant start-ups 2%
ramping, to implement a dynamic incrementing cycling cos
The formulation covers linear, piecewise linear and ste
shaped cycling cost functions, the appropriate choice for a us
being determined by the level of knowledge of the generator.._i
cycling costs. 4
The formulation for piecewise linear incremental cycling
costs related to plant start-ups and ramps was implementd
for a test system. Although the incremental costs chosen are
approximations, the results reveal certain trends that are likely
for power systems where generators undergo regular cycling
and reflect the resulting wear-and-tear costs in their bids. For
example, dynamically modeling cycling costs for generator
starts was seen to reduce the number of starts, but caused
ramping operation to be increased (and vice-versa), whilst
modeling cycling costs for only a subset of the generation
fleet was seen to induce much higher levels of cycling in th
remaining generation. It was also seen that as cycling co:
accumulated over time changes in the merit order occurre
and that modeling cycling costs led to an overall saving fg.

the system as cycling operation was subsequently reducedf '
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