Model description and notes
by Clara F. Heuberger

1. The ESO model framework

1.1. Conceptual model introduction

The Electricity Systems Optimisation (ESO) model framework is a mixed-integer
linear program designed to perform cost-optimal power supply capacity expan-
sion and unit commitment subject to technical, operability, economic, and en-
vironmental constraints. The framework contains several model versions which
differ in their spatial and temporal level of granularity and horizon. Figure
visualises the different model types with respect to their spacial, temporal, and
general complexity dimension. More documentation on the basic ESO model
can be found in [ 2].
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Figure 1: Facets of the ESO modelling framework.

1.2. Model Assumptions

The following list summarises some of the assumptions taken as part of the
model building process:

« We take the perspective of a monopolistic system planner.

« The model is implemented under perfect foresight and imperfect foresight
conditions over the planning horizon.

« We assume electricity demand and electricity import prices to be inelastic.
o Uncertainty in the input parameters is not considered. The model is
deterministic.



1.3.

« In model version ESONE and ESONE-XEL the electric transmission net-
work is modelled as HVDC lines connecting the zone centroids. In the
ESO, ESO-X, ESO-XEL model version, the electric transmission system
is represented as a single-node network. Overall transmission losses are
considered.

« In the ESO-XEL, ESONE-XEL model version, we assume that endogenous
technological change is reflected in the capital cost of the power plant only
and are based on global experience until today. Learning (endogenous
change) of technology performance parameters is not assumed.

o CO2 accounting of HVDC interconnection capacity is based on average
carbon intensity levels for electricity generation in the connected power
networks.

Mathematical Model Formulation

The following nomenclature and model formulation for constraints and
objective function [40] refer to the ESO-X model; constraints and objective
function [40] refer to the ESO-XEL model.

1.3.1. Nomenclature

Sets

a yrs planning periods, a € A = {1, ..., Acpa}

t h time periods, t € T' = {1, ..., Tena}

c - clusters of representative days of each year, c € C' =
{1,...,Cena}

i - technologies, i € I = {1,..., Iopnq}

9 - power generating technologies, ig C I

ic - conventional generating technologies, ic C I

ir - intermittent renewable technologies, ir C I

s - storage technologies, is C [

il - technologies for which learning rate is applied, il C I

l - line segments for piecewise linear function

Parameters

Ag yrs step width planning years

DIni; - number of available units of technology i for a = 1

DMazx; - maximum number of available units of technology ¢
fora=1

Des; MW /unit nominal capacity per unit of technology i

BR; unit/yr build rate of technology i

MA; - maturity parameter, availability of technology i in year
a

LT Ini; yrs lifetime of initial capacity of technology i for a =1

LT; yrs lifetime of technology %
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losses in transmission network
features of technology i,

minimum power output

maximum power output

maximum capacity provision

reserve potential, ability factor to provide reserve ca-
pacity €= {0, 1}

inertia potential, ability factor to provide inertial ser-
vices €= {0,1}

emission rate.

investment costs of technology ¢

operational costs of technology i in year a

start-up costs of technology i

fixed operational costs of technology ¢ when operating
in any mode

electricity import price

minimum up-time for technology ig

minimum down-time for technology ig

storage round-trip efficiency

maximum storage duration

minimum storage inventory level

maximum storage inventory level

availability factor of technology ir in cluster ¢ at hour
t

system electricity demand in year a in cluster ¢ at hour
t

maximum level of unmet electricity demand in any year
a

peak load over time horizon T in each year a
capacity margin

absolute reserve margin

dynamic reserve for wind power generation

minimum system inertia demand

system emission target in year a

Value of Lost Load

penalty term for slack emissions

discount factor (1 + )% in year a

weighting factor for clusters ¢

lower segment x-value of cumulative capacity of piece-
wise linear cost function

upper segment x-value

lower segment y-value of cumulative CAPEX

upper segment y-value



Variables
tsc £
tco,/MWh

€ig,a,c;t

Positive Variables

pig,a,c,t MWh
p2dig,a,c,t MWh
DP28ig.a,c,t MWh
DP21Sis a,c.t MWh
Tig,a,ct MW
Sis,a,c,t MWh
25 a0 MWh
32Tis,a,c,t MW
slakg et MWh
emslakq ¢ tco,/MWh
TSila, MW
Yil,a £
Integer Variables

bi,a -

d; i
Nig,a,c,t -
Ois,a,c,t -
Uig,a,c,t -
Wig,a,c,t -

Binary Variables
Pila,l -

total system cost
emission caused by technology ig in year a at hour ¢
of cluster ¢

energy output of technology ¢ in year a in hour ¢ of
cluster ¢

energy to demand

energy to grid-level storage

energy to storage technology is

reserve capacity provided by technology ig

effective state of charge of technology is at the end of
time period ¢

energy from storage to demand

reserve capacity provided by technology is

slack variable for lost load

slack variable for emissions

position for technology 7 in year a on line segment [
cumulative CAPEX for technology i in year a

number of new built units of technology 7 in year a
number of units of technology ¢ operational in year a,
cumulative

number of units of technology ig operating in year a
at hour t of cluster ¢

number of units of storage technology is operating in
year a at hour ¢t of cluster ¢

number of units of technology ig starting up in year a
at time t of cluster ¢

number of units of technology g turning down in year
a at time t of cluster ¢

1, if cumulative CAPEX of technology il in year a on
line segment [



1.3.2. System design constraints

di@ == DITM,Z Vi, a=1 (1)

bi,a < BR; MAi,a Aq Vi,a > 1 (2)

dio < DMax; Vi,a  (3)
LT 1Ini;

dig=dja-1—0b  rrimi; +big Vi, a < n +1 (4)

’ ’ VAT TR, ’ A,

LTIni; LT;

dia:dia— bia v., 1 < 1 5

) ) 1 + I ? Aa + Aa + ( )
LT;

dig=dig-1—b 11, +big Vi, a > +1 (6)
ha—x> ) Aa

1.3.3. Unit commitment variables

Nigact < dig,a Vig,a,c,t (7)

Ois,a,c,t < dis,a Vis,a,c,t (8)

1.3.4. System wide power balance, security, and emission constraint
Constraint [13]is part of the model formulation only if enforced decarbonisation
is desired. Otherwise, constraint [I3]is relaxed and decarbonisation is driven by
the carbon price (included in the parameter OPEX;, ;) only.

> p2digact+ Y 82disact = SDepa (1 +TL) = slakacs Va,c,t (9
ig s

> " dia Des; TE; cmax > PLa (1+ CM) Va,t (10)

7

E Tig,a,c,t TEig,RP + 5 52ris7a,c,t TEis,RP

ig s
> SDeta RM + > p2dipaci WR Ya,c,t (11)
r
Z Niga,et Desig T Eig p > ST Va,c,t (12)
ig
> (eigact — emslakae) WF. < SE, Ya (13)
1g,C,t
> slakacy WF. <UD Y SDeya Ya (14)
c,t t



1.3.5. Technology specific unit commitment, power and ancillary service con-

straints

Dic,a,c,t > Nic,a,c,t Des;e TEic,Pmin

Pig,a,c.t T Tig,a,c,t < Nig,a,c,t Desig TEig,Pmax
Dig,a,c,t = pzdig,a,c,t + p25ig,a,c,t

DPir,a,c,t > Nir.a,c,t Des;; TEir,Pmin A‘/;r,c,t
Dir,a,c,t + Tir,a,c,t < Nir.a,c,t Desir A‘/ir,c,t

€ig,a,cit = (pig,a,c,t + Tig,a,c,t) TEig,Ems
Zpic,a,c,t WFC/8760 > TEZ'C, UtilMin dic,a Desic

c,t

1.3.6. Unit up-time and down-time constraints

Vic,a,c,t
Vig,a,c,t
Yig,a,c,t
Vir\InterImp, a,c,t
Vir\InterImp, a,c,t
Vig,a,c,t

Vie,1 <a<T,g

Uig,a,c,t > Nig.a,cit — Nig,a,c,t—1 Vig, a, c,t
Wig,a,c,t > Nig,a,cit—1 — Nig,a,c,t Vigv a,c,t
Uig.a,et < Nig,a,cr Yig,a,c, T =1t + -1t < UTiqy
Wiga,et < dig.a — Nig,a,cr Yig,a,c, T =1+ -1t < DT,
1.3.7. Storage operation constraints
32dis,a,c,t + SQTis,a,c,t > Ois,a,c,t Desis TEis,Pmin ViS, a,c,t
Szdis,a,c,t + 327qis,a,c,t < Ois,a,c,t Desis ViS, a,c,t
52dis,a,c,t + SQTis,a,c,t < Sis,a,c,t SEtais Vis, a,c,t
Sisact = Desis SOCIniis SDuris Vis,a,c,t =1
Sisact < Oisact Desis SOCMax;s SDur;g Vis, a,c,t
Sisact = Oisa.ct Desis SOCMingg SDur;s Vis, a,c,t > SDur;,
Zstig,a,c,t = Zinsis,a,c,t Va,t
ig 8
D2iSisact < Ois,acit Des;s Vis,a,c,t
Sis,a,c,t = Sis,a,c,t—1 — 32dis,a,c,t
+ ZpZisis,a,c,t SFEta;s Vis,a,c,t > 1

s



1.3.8. Endogenous cost reduction

Zpil,a,l =1 Vil,a  (35)

I
TSl a0 > X101 pilay Vil,a,l  (36)
TSilal < XUPill Pil,a,l Vil,a,l  (37)

a
Z bit,ar = Zl‘su,a,z Vil,a,a’ <a (38)
a’=1 l
Vita = Y _ Yloi,

I
+ pitaSlopei (x5i,a1 — X10j1 pita) Vil,a  (39)

1.3.9. Objective function

minimise{tsc}
tsc = Z CAPEX; b; 4 Des;/Disc, + Z(yil,a — Yita—1)/Disc,
iel\il,a il,a
+ Y (tigaet OPEXSUiy W)/ Discq
ig,a,c,t
+ 3 (OPEXigapigaci WF. + OPEXN Lignig s W)/ Disca
ig,a,c,t
(40)
+ Y (OPEXisq52digacs WF. + OPEXN Lis 01000 WF,)/Discq
is,a,t

+ Z ImpElecPry p2d; q.ct WF./Discg
i=InterImp,a,t
+ " slakees WF. VoLL
a,c,t
( + Z emslakq ¢t WF. EPenalty )

a,c,t

1.4. Solution Strategies

The ESO models are implemented in GAMS 24.8.3 [3] and solved with CPLEX
12.3 [4]. On an Intel i7-4770 CPU, 3.4 GHz machine with 8 GB RAM using 8
threads, and an optimality gap of 3 % expected solution times are reported in
Heuberger et al. [2].



1.4.1. Hourly Data Processing and Relaxation
In order to reduce computational solution times two main solution strategies are
applied to the ESO model input data and formulation presented in section [1.3}

1. K-means data clustering [5] with “energy-preserving” profiling [2],
2. Relaxation of integer scheduling constraints [6), [7].

Heuberger et al. [1], 2] provides detail on both solution strategies and explicitly
examines their implication on technology-specific and system-level results. The
overall error in the objective function value (total system cost, tsc) ranges
between -1.7 % to +2.5 % for 21 to 11 clusters with 24 hours each representing
the 8760 hours of the year over a 35 year time period (2015-2050).

In all downloadable files the hourly time dependent data is compressed to 11 clus-
ters and the integer scheduling variables 14 4 ct, Ois a,ct, Uiga,ct, aNd Wiga et
are relaxed.

References

[1] C. F. Heuberger, I. Staffell, N. Shah, and N. Mac Dowell. A systems ap-
proach to quantifying the value of power generation and energy storage
technologies in future electricity networks. Computers & Chemical Engi-
neering, 107:247-256, 2017.

[2] C. F. Heuberger, E. S. Rubin, I. Staffell, N. Shah, and N. Mac Dowell.
Power Capacity Expansion Planning Considering Endogenous Technology
Cost Learning. Applied Energy, 204:831-845, 2017.

[3] GAMS Development Corporation. GAMS 24.7.4, 2017.
[4] IBM. IBM ILOG CPLEX Optimizer, 2017.

[5] R. Green, I. Staffell, and N. Vasilakos. Divide and conquer? k-means clus-
tering of demand data allows rapid and accurate simulations of the british
electricity system. Transactions on Engineering Management, 62(2):251—
260, 2014.

[6] Q. Kha Tran. Importance Sampling for Stochastic Programming. Ph.D.,
Imperial College London, London, 2016.

[7] B. Palmintier. Incorporating operational flexibility into electric generation
planning. Ph.D., Massachusetts Institute of Technology, 2013.



	The ESO model framework
	Conceptual model introduction
	Model Assumptions
	Mathematical Model Formulation
	Nomenclature
	System design constraints
	Unit commitment variables
	System wide power balance, security, and emission constraint
	Technology specific unit commitment, power and ancillary service constraints
	Unit up-time and down-time constraints
	Storage operation constraints
	Endogenous cost reduction
	Objective function

	Solution Strategies
	Hourly Data Processing and Relaxation



