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Abstract—Environmental concerns have motivated govern-

ments in the European Union and elsewhere to set ambitious Ae
targets for generation from renewable energy (RE) technologies

and to offer subsidies for their adoption along with priority grid

access. However, because RE technologies like solar and windB,, ,:

power are intermittent, their penetration places greater strain
on existing conventional power plants that need to ramp up
more often. In turn, energy storage technologies, e.g., pumge

hydro storage or compressed air storage, are proposed to

offset the intermittency of RE technologies and to facilitate
their integration into the grid. We assess the economic and

Parameters
... availability factor for renewable energy generation of

typee € € at noden € N for scenarios € S (-)

element {,n') of node susceptance matrix, where
n,n € N (1/Q)
i generation cost of unit € U, ; from produceri € 7

at noden € N (€/MWh)
C* - ramp-up cost of unit € U,,,; from produceri € 7 at

n,t,u’

noden € N (€/MWh)

environmental consequences of storage via a complementarity ('S cost of d|scharge from storagé/(\/lwh)

model of a stylized Western European power system with market
power, representation of the transmission grid, and uncertainty
in RE output. Although storage helps to reduce congestion and "

ramping costs, it may actually increase greenhouse gas emlssmnsD

from conventional power plants in a perfectly competitive setting
Conversely, strategic use of storage by producers renders it Ies
effective at curbing both congestion and ramping costs, while
having no net overall impact on emissions.

Index Terms—Energy storage, wind power, complementarity
modeling.

NOMENCLATURE

Indices and Sets

a(s) € S: ancestor node of scenario tree node S

e € £ := {solar,wind}: renewable energy sources

Fs € S: descendant nodes of scenario tree nedeS

1 € Z: power producers

¢ € L: transmission lines

n € N: power network nodes

s € §: scenario tree nodes

t € T time periods

t(s) € T: time period to which scenario tree nodec S
belongs

u € Uy ;: conventional generation units of produdee 7 at

network noden € \/
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D'[“. intercept of linear inverse demand function at node
6 N in periodt € T (€/MWh)

: slope of linear inverse demand function at node N/
in penodt € T (E/MWh?)
E'™: storage input efficiency (-)
ES hourly rate of storage decay (MW/MWh)
Gn(? ?u maximum generation capacity of unite 4, ; from
produceri € Z at noden € N (MW)
n.i- Maximum generation capacity of producerc 7 for
renewable energy typee £ at noden € ' (MW)
Hy ,: element {,n) of network transfer matrix, wherée £
andn € NV (1/Q)
K,: maximum capacity of power liné € £ (MW)
P;: probability of scenarics € S (-)
R™: hourly rate at which storage can be charged (MW/MWh)
RO hourly rate at which storage can be discharged
(MW/MWh)

S, € {0,1}: dummy parameter for slack node, wherec N/

-

R, ;: maximum storage capacity of producee Z at node

n € N (MWh)
i Minimum storage capacity of producere Z at node

n € N (MWh)
T;: duration of periodt € T (h)

Primal Variables

955", ¢ generation at node € A by produceri € Z using

unit u € U,, ; for scenarios € S (MWh)
g5 ;- renewable energy generation of typec & at node
n € N by produceri € T for scenarios € S (MWh)
g;‘pn i+ generation ramp-up at nodec N by producer € 7
using unitu € U,, ; for scenarios € S (MWh)
¢s.n,i: Sales at node: € N by produceri € Z for scenario
s € S (MWh)
rs.n.i- (end-of-period) stored energy by producer 7 at node
n e N for scenarios € S (MWh)

!, ;: energy charged into storage at node N by producer
i € T for scenarios € S (MWh)
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ro . energy discharged from storage at nadec A by been proposed to offset the intermittency of RE technokogie

s,m,i"

producer: € Z for scenarios € S (MWh) Together with subsequent expansion and reinforcement of
vs,n: VOltage angle at node € N for scenarios € S (rad)  the transmission grid itself [5], [6], better techniques fo
Dual Variables congestion management [7], and enhanced demand response

[8], storage is likely to facilitate an economically viable
way to integrate intermittent RE technologies. Yet, a deepe
understanding of the economic and environmental impacts of
Cﬁyrage coupled with RE technologies is required for argfti
policy.

Son.: Shadow price on generation capacity at nade N
for conventional generation unit € U, ; of produceri € 7
and scenaric € S (€/MWh)

<n.- Shadow price on renewable energy generation capa
at noden € \ for energy source type € &, produceri € 7
and scenarig € S (€/MWh) _ _
B ;.u: shadow price on ramp-up constraint at node \* B Literature Review

for conventional generation unit € U, ; of produceri € 7 Previous work, such as [9], has shown that storage in a

and scenaria € S (€/MWh) power system can have welfare-enhancing effects, albeit at
7vs,n: dual for slack node: € N and scenaria € S (-) the expense of producers as it reduces the price differen-
0,,;: shadow price on energy balance for producerZ and tial between peak and off-peak periods. Moreover, [10] has
scenarios € S (€/MWh) demonstrated that when storage belongs to producers Inghavi
)\’;i'm: shadow price on stored energy balance at nedeN” & la Cournot, they are able to use it to move energy from
for produceri € Z and scenaria € S (€/MWh) peak to off-peak periods, thereby increasing peak priceseab
AL+ shadow price on maximum storage charging at nod®mpetitive levels. Sioshansi [11] has concluded, using a
n € N for producer; € Z and scenaria € S (€/MWh) stylized model without transmission constraints or uraiaty,
AP ., AUb ;2 shadow price on energy storage capacity at nodeat strategic generators with standalone storage or gtemer
n € N for produceri € Z and scenaria € S (€/MWh) owned storage may cause social welfare to decrease. Fgcusin
A% i+ shadow price on maximum storage discharging at node emissions, a supply-function equilibrium model of ERCOT
n € N for producer; € Z and scenaria € S (€/MWh) illustrates that greenhouse gas (GHG) emissions may iserea
P, b, ,: Shadow price on transmission capacity for transmig the presence of both wind power and storage [12].
sion line ¢ and scenaria € S (€/MW) In contrast to these papers, which do not represent the-trans
ws .t CoNgestion charge at node € N for scenarios € S mission network, [13] examine electricity storage withnsa
(€/MWh) mission constraints. By formulating a mixed-complemehtar

I. INTRODUCTION problem (MCP) [14], they determine how storage affects
A. Background the formation of locational marginal prices. Consequently

. . .the optimal locations and sizes of storage systems can be
In order to mitigate climate change, governments have im

posed increasingly stringent restrictions on43missions and obtained from such a modeling approach. Likewise, [15] use

introduced policies to incentivize the adoption of renelgab’ DC optimal poyver_flow (OPF). ”.‘Ode' o assess storage
technology portfolios in a transmission-constrained oekw

energy (RE) technologies. For example, in the Europeanruni .
(EV), one of the 20-20-20 climate change targets requiles g an analysis of battery storage, [16] perform a case study

member states to reduce their £€@missions by 20% by the Or the P‘]M market using a unit-commitment model to show
the potential for modest savings for consumers, which are

year 2020 relative to 1990 levels [1] with more ambitious . :
. ore than offset by capital expenditures for energy storage
targets proposed from 2020 onward [2]. However, given thal ) L
o S . and lower profits for generators along with increased, CO
electricity industries in most OECD countries have been . o
X . . . . - emissions. Similar results for a 25-node test network are
deregulated with the aim of improving economic efficiency [3

. . o . reported by [17] using an OPF model. However, [13], [15],
investment and operational decisions are typically uadert . . o
! Tt ; . [16], and [17] consider neither uncertainty in RE output nor
by profit-maximizing companies that may balk at adoptin . . . .
: . : . arket power. Therefore, we aim to investigate the economic
socially desirable but costly RE technologies. Thus, ineord

to entice power companies to invest in RE technologies "’\f‘d environmental impacts of energy storage using a realist
) P P: : d'®S, PYEst network that incorporates features such as marketrpowe
icymakers have both introduced new regulation, e.g., fyior

grid access, and provided economic incentives, e.g., ifliaed‘ﬁEanI uncertainty in RE output.
tariffs and renewable energy certificates [4]. o o

While such measures have increased RE technology outfut, Résearch Objectives and Contribution
e.g., to over 25% of German electricity generation in 2013, Using a complementarity approach [14], we model the
and reduced C® emissions, e.g., by nearly 30% in 2013lecision-making problems of power producers and the grid
relative to 1990 levels, further penetration of such resesir owner. The former decide how to operate power plants (both
may be limited by the complexities of integrating them iffte t conventional and RE) and storage in order to maximize
grid. Moreover, because RE technologies like solar and wirspected profit inclusive of congestion payments to transmi
power are intermittent, their adoption implies that exigti electricity between nodes. Uncertainty in RE output is rep-
conventional power plants must ramp more frequently. Ieprdresented via discrete scenarios that evolve over seveteas ho
to address this difficulty, energy storage technologieg,, e.of a typical day, while inventory-balance constraints tatg
pumped hydro storage (PHS) or compressed air storage, helarging and discharging decisions for storage. Meanwhile



the grid owner decides how much electricity to import at ea@nd network transfett, ,,, parameters capture power transfer
node in order to maximize revenues from congestion fees [18]stribution factors. Given voltage angles,,,, and the dec-
We implement the resulting MCP for a 15-node (and 28aration of a slack node (with zero voltage angle), the power
line) test network of Western Europe [19] over four hourBow on line ¢ is ZneN Hy v, and the imported energy at
corresponding to the critical morning ramping periods famoden is ), Ti(s) Bnr n¥s,n/ iN SCENAriOs.
conventional power plants with intermittent RE output e2pr  Each producer may own both conventional and RE plants
sented by discrete scenarios in each hour. We estimatdiédstaas well as energy storage facilities anywhere in the network
capacities in Belgium, France, Germany, and the Netheslants we will describe in Section Ill, storage capacities are
as well as representations of demand and transmission d8signed to generators based on current market conditions i
terconnections. A linearized direct current (DC) load-flowvestern Europe. However, following [11], storage faakti
approximates physical flows of electricity in the network. could be standalone or managed by a welfare-maximizing
We demonstrate that while storage facilitates the intémrat independent system operator (ISO). In the case of perfect
of RE technologies by reducing network congestion and ramgompetition, this would yield the same results as in oursetu
ing costs, it may actually result in higher G@missions. This but would mitigate the exercise of market power by strategic
somewhat counterintuitive result occurs because cor@diti producers in the case of Cournot oligopoly. The conventiona
power plants are used during early-morning hours to charggits with installed capacities7, ,, have generation costs
storage for use later in the day when RE output may net Cg°" and ramp-up costs o€, . to reflect the wear
be adequate. In turn, peak-hour conventional generationaisd tear on turbines from changes in operating levels. RE
reduced, but the corresponding reduction in,C@nissions plants with installed capacities,, ;, have no operating costs
does not offset its increase during off-peak hours due to that are non-dispatchable, i.e., their output dependsysolel
efficiency losses associated with storage and the dispktenstochastic availability factors4® ,, for each scenarie and
of gas-fired generation (used for ramping without storage) hoden with probability P,. Producers may inject or withdraw
coal plants (used for charging storage). energy from storage at withdrawal caSf®° as long as they
By contrast, storage does not significantly affect;Gnis- respect the maximum charging?() and discharging R°“9)
sions when producers exercise market power. In effectysrodrates along with the minimumf, ;) and maximum Bni)
ers have reduced incentives for using storage as it dejresserage capacities. There are also losses associated atith b
peak-hour prices. This suggests that the environmentattsff the charging £™™) and storage {°) processes. Finally, each
of storage may not be detrimental in practice because goducer may generate electricity at one node and sell it
the presence of market power. Nevertheless, the results @ store it) at another one provided that it pays to access
for a stylized example during a specific period of the dayansmission capacity.
and policymakers should consider such unintended environBy selling electricity at node in scenarios, produceri re-
mental consequences when setting targets for RE generatigfives a price that depends on the linear inverse demand,curv
Indgeq, [20] demonstrates with a two—ngdg example thag .C@e., Dims . _ng)m S ier sty WhereX, . qs v is the
emissions may increase once a £@x is introduced as it total sales (and consumption). Under perfect competitach
makes the coal power plant at the exporting node relativglyoducer treats the price at each node as a constant.
more expensive than the gas-fired plant at the importing ag jn [18], we assume that the grid owner controls transmis-
node. Hence, the resulting alleviation of congestion on thg,n fiows to maximize its expected revenues from congestion
transmission line effectively replaces two monopoliesvat  charges paid on imports at each node while respecting the the
single duopoly, which leads to lower prices and increasggh)| |imits of the transmission lines. The congestion charge
consumption to the extent that G@missions rise overall. s the shadow price on the market-clearing condition that
balances supply and demand at each node. Hence, a producer
D. Structure of the Paper that generates electricity at node and sells it at node’
In Section Il, we present our modeling assumptions afficeivesw;,, to send electricity from node to a hub node
the mathematical formulation for the MCP that captures prénd paysu; . to send electricity from the hub to nodé for
duction, sales, storage, and transmission decisions., litexta net congestion payment af ,,; — ws .
Section Ill, we implement numerical examples on a Western
European test network to gain insights about how market
power, storage, and wind output interact. We conclude the g& Decision-Making Problems and Equilibrium Conditions
per in Section IV by summarizing our main points, discussing
the limitations of our approach, and outlining directioms f
future research.

1) Producers’ Problems:Each producei € Z finds gen-
eration (both conventional and RE), storage, and salessleve
to maximize its expected profit. The profit consists of sales
revenues less generation and ramp-up costs incurred by con-
) ventional generation units, storage costs, and net cangest
A. Assumptions payments for electricity transmission between nodes (43hE
Following the standard approach in power system ecproducer’s profits are represented in terms of the pointetiot
nomics [18], we use a DC load-flow approximation in repeongestion charges, which enables the effect of market powe
resenting transmission flows. Here, the susceptaftg,, on sales to be captured through each producer’s revenue at

Il. PROBLEM FORMULATION



each node inclusive of congestion charges. maximize its expected net payments from congestion charges

I’Ll;laXZ Z Ps Wsn Z Tf,(s) Bn,n’ Vs n' (11)

: seESneN n' eN
max P (D'”t —- D%P Qsnir — Ws, )q. P _
p gg/ s t(s),n t(s)’ni,gl— 5,1, ERON EROX S't'ZJ\/HZ’"US?" <K, (:us,é)a Ve, s (12)
ne
UEUn, i v DTS = TR A e/ T
n
- Z CZ?LU g.':,pn,i,u + Ws,n Zg;n,i Sh VUs,n = 0 (’Ys,n)v vn, s (14)
u€Un,i et Vs U.IS, VN, s, (15)
— W T — (Csm— ws,n)rg,”}m] (1)  where u.r.s. stands for “unrestricted in sign.” Reflectihg t
DC load-flow approximation, constraints (12)—(13) guagant
SEY Geni= D > gL YD g that the power flow on each transmission line remains within
neN neN uelln,; neEN ec€ the line’s capacity limit, whereas (14) defines the slackenod
out in _ of the network.
* EE;/TS’”’Z' %:vrs’"*i (0s.:), ¥s 2) 3) Market-Clearing Conditions:The market-clearing con-
conv "= comv COTW ditions ensure that, in each network node and each scenario,
i < Tets) Grisu (Bemii)y V10 8, Vit € Un,g G the energy demand (equal to sales) is met by energy produced

9o = Gay i < o (Bami): plus net energy discharged from storage at that node and net

Vi, s,Yu €Uy (4) energy imports from other network nodes.

Grini = o) A% G (Bin), Ve, ORI D DD I D D) BUSEED BerF

Tomi = Tt(s) (1 _ EstO) Ta(s)m.i + Ein 7Aisn’n.i ie? 1€L u€Un i €L ec€ €L

_ TSUTt” ()\Ef}rlb,i% Vi, s 6) —|—Zr'snm — Z Ty(s)Bnonvs e = 0,with w, ,, ULS, Vn, s
i < Ty R Ryi (A, ), Vi, s @ N (16)
romi < Tysy RO R (A ), Vi, s (8)
Ry <rsni < Roi (AP, A0 ), Vn,s (9) C. Mixed Complementarity Problem
gggf;:{t.’wg:')n;iﬁu >0,Vn,s,Yu € Un; 9,5 >0, Ve, n,s; In order Fo find a marke_t—equilibrium solution, we formulate
CIs,n,iars,n,iv7'isn’n,ia7"g%_j >0, ¥n, s (10) a stochastic MCP by taking the Karush-Kuhn-Tucker (KKT)

conditions for the producers’ and grid owner’s optimizatio
problems defined in (1)—(10) and (11)—(15), respectivébn@
Here,z := {go™ . g . i 0o o o Qsmis Tamis T 5O L with the market-clearing constraints (16). The aforenoered
ec&icln c ’/\’/75 ¢ "gm 76’5{71,1-}, and dual variables are KKT conditions are presented in the Appendix. We remark
in brackets next to their corresponding constraints. Gairgs  that, like in [18], our MCP can be analogously formulated
(2) ensure energy balance between total sales and total (c&h @ convex quadratic program (QP), and, thus, the globally
ventional and RE) generation plus total net discharge frofRtimal solution to the equivalent QP [14, Theorem 4.4] also
storage in each scenario. For each conventional generatRéfvides an equilibrium to the MCP.

unit, capacity generation (3) and ramp-up (4) constraings a

imposed, while RE generation depends simply on resource [11. NUMERICAL EXAMPLES

availability (5). While RE outputs are decision variabld®gyt A. Data

are effectively exogenous because output equals to ailajab We implement our model for a stylized 15-node network

g‘ Ieach scefn_arlo. Thug, althOUth substantlalbll?E capacigy MRpresenting Western Europe (Fig. 1). The network parasete
?ﬁ;gldto Irlnge pLO ucers, they are una Z to useE:t ch as line capacities and the node structure, are based on
withhold sales. Furthermore, any strategic producers R 19]. Nodesn1-n7 represent actual generation and load, while

capacity cannot use it to exert market power. Restrictié)s 8-n15 are auxiliary nodes without any supply or demand that
guarantee that the electric energy available in storagbeat Er(%required for modeling cross-border flows

end of a giyen perio_d is equal to the energy store_d at the en ncertainty in wind and solar generation is modeled by
of the previous period plus the energy charged into storagegionaiig tree with equiprobable scenario paths (Fig. 2).

minus the energy dischgrged from storagg dpring that p.eriqq.'e time frame represents the four-hour morning ramp during

Constraints (7) and (8) impose an upper limit on the amoupbip roducers make critical generation dispatch andager

of electricity tha’? can be charged into .and discharged frOﬂﬁécisions. The solar and wind availabilities represent the

storage, respectlvely, _whereas cons@ramts_ (.9) guar_ai_@ie situation in June/July 2011 based on German data from the

the amount of electricity stored remains within certainitém EEX. Using the average hourly solar generation in Fig. 3
2) Grid Owner’s Problem:The grid owner determines howwe calculate an hourly solar availability factor by dividin

much power to import at each network node in order tihe mean observed output by the German installed capacity



(25 GW, see Table Il). This yields mean availability factors Path

wind _ wind _ .
of 0.002, 0.019, 0.064, and 0.135 for houss8 along with fpolar Zog folar g5 1
standard deviations of 0.001, 0.007, 0.021, and 0.043. Our A 007 A 0%

scenarios in Fig. 2 approximate these summary statistics:
the mean availability factors are 0, 0.025, 0.075, and 0.150 avind 14
with standard deviations of 0, 0.021, 0.025, and 0.047. The * =%

avind — 14

wind _
A0l — 0,08 Asolar _ 330

gsolar _ ¢ 5 3

awind — 17

solar _ 4
expected wind availability factor for each hour is obtained avind —o.10 :wind :(;_llz 5
from the average observed wind production in Fig. 4. Since L /*“'"’";:‘“"
installed German wind capacity is 29 GW (see Table Il), wind Z g 07 At 00l 6
the mean availability factor during June/July 2011 for each 42 = 004 avind _o03 4
of the four hourst5-t8, corresponds to approximately 14% o -ots
of the total installed capacity. The corresponding staghdar folar g5 8

deviation of the wind availability factor in each hour is abo ~ Tme = % 7
10%. Using this information, the scenarios are constructed

such that (a) the expected wind generation is the SameFla. 2. Scenario tree for wind and solar generation avditplis a fraction
each hour (approximately 14% of installed capacity) whilé nstalled capacity

(b) the correlation between solar and wind remains low. For
example, during hout7, scenarios4 is based on 6 GWh of
output, which yields an availability factor of 0.21. By coamt,
scenarios7 has 2 GWh of output (resulting in an availability
factor of 0.07), whereas both scenarigs and s6 have 4
GWh of output (resulting in an availability factor of 0.14)h&
standard deviation of possible wind availability factansHig.

2 varies between 5% and 7% during each hour (excludihg
which is roughly in line with the observed data. The assumed
increase in demand in relation to average hourly demand, a
stylized load profile fromt5 to ¢8, is: 0.84, 0.92, 1.01, 1.07.
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Fig. 3. Average hourly solar generation in Germany for 2011 [2

pared to constant generation, increased stress on gemserato
components, and replacement costs. We use stylized ramp-up
costs [25] that prevent unrealistic ramping. Thus, the olesk
ramping rates (as a percentage of total generation) in our
model are in line with most plants’ ramping feasibilitie$]2

[27]. One distinction is that neither [26] nor [27] allowsrfo
nuclear plants to ramp. However, in France, load followigg b
nuclear plants is required because they generate over 75% of

Fig. 1. Stylized Western European test network [19]

6000

Market characteristics, nodal reference demands, and refe
ence prices are calibrated to estimated linear inverse agéma
functions. The annual average hourly loads (in GW) are 62,
55, 2, 8, 3, 8, and 3 for nodesl-n7, respectively, which are
based on [23] for 2011. Correspondingly, the weighted ayeera
price is €50.2/MWh. Price elasticity at the reference point
is assumed to be -0.25 [23], and details about the parametel
calculation of the linear inverse demand function are ir.[24 o —

On the supply side, generation costs for technologies in | i A
Table | are based on [19] and the merit-order curve of [23]. 0
The complexity of generation processes causes additional Hour
technology-specific ramping costs when output is adjusted.

These costs are driven by the decreased fuel efficiency cdrig- 4. Average hourly wind generation in Germany for 2011] [22
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TABLE |
MARGINAL COST, RAMP-UP COST AND CO2 EMISSIONS RATE

Type Marginal cost| Ramp-up cost| CO, emissions per
(€/MWh) (€/MWh) unit of electricity
output (kg/kWh)
ul (nuclear) 10 6.7 0
u2 (lignite) 20 6.7 0.94
u3 (coal) 22 4.7 0.83
u4 (CCGT) 30 5.8 0.37
ub (gas) 45 2.3 0.50
u6 (oil) 60 2.3 0.72
u7 (hydro) 0 6.7 0
TABLE I

ESTIMATED INSTALLED GENERATION CAPACITY OF PRODUCEREGW) IN
2011AND AVAILABILITY PERCENTAGES PER TECHNOLOGY

Node Producer| 1l w2 w3 w4 ub w6 u7 S w
nl E.ON 5 1 5 2 1 - - -
RWE 4 10 5 - 05 - 0.5
EnBW 3 - 4 0.5 - 05 05 -
Vattenfall| - 9 2 1 1 0.5 - - -
FringeD - 9 4.5 4 1 25 28.5
n2 EDF 63 - 4 - 15 - 0.5
FringeF - 2 3 2 2 - 6.5
n3, Electrabe| 4 - 3 1 - 0.5
n6  FringeB 2 1 1 2 0.5
n4, Electrabe| - 1 3 2 - 0.5
nb, Essent 1 15 - - -
n7  Nuon - 1 2 - 0.5
FringeN - 1 3.5 - - 15
% Available| 80 85 84 89 86 86 30 Fég' Fég-

the country’s electricity. Meanwhile, load following by clear

plants in Germany is increasingly common because of the
need to avoid negative electricity prices [28]. Related kwor
on the use of storage in Europe likewise allows for nuclear
plants to ramp up and down by 5% and 10% of rated capacity,
respectively [9]. The C® emissions of fossil fuels in Table
| are estimated from average plant efficiencies and emission

factors reported in [23] and [29], respectively.
Table Il estimates producers’ installed generation capac-

ities. Companies with the largest national shares of powgy s gypected prices over all nodes and scenarios

production are taken into account with the remaining cdpaci

allocated to a fringe. Figures are estimates for 2011 gather Fig. 6 illustrates total expected a) conventional genenati

from companies’ websites and annual activity reports sb thg®"), b) ramping ¢“?) and ¢) CQ emissions by technology

the aggregated capacities match national capacity in [28}. type in off-peak {5—t6) and peak {7—t8) periods. In addition,

stylized data do not permit in-depth firm-level analyses, bd) total expected stored energy) (s presented. We observe

they help to assess aggregate market outcomes. To accabat Cournot producers withhold their output and use lems st

for plants’ offline time, such as outages and revisions, @nlyage in comparison to the perfectly competitive situatione T

defined share of the installed capacity for each technolegyresults also demonstrate that producers with storagedsere

assumed to be available for generation.
Estimates for installed storage capacities in the year 20aAd, consequently, reduce conventional production dyraadk

are based on operational installations’ power in 2014 [3(ours due to storage discharge.

At nodenl, E.ON, RWE, EnBW, Vattenfall, and a fringe of

EDF owns 30 GWh at nodei2, and Electrabel owns a
combined 6 GWh at nodes3 andn6. There is insignificant
grid-connected storage in the Netherlands, and over 90% of
the storage capacity in the other three countries is PHS.

The cost of storage discharg€s®, is assumed to be
zero because most of the current capacity is PHS [9]. Other
storage parameter assumptions &¥° = 0, E" = 0.75,

R™ = 0.16, and R°"' = 0.16. We assume no losses for
stored electricity on an hourly basis but account for rotniyal-
efficiencies viaE™ < 1. Furthermore, for each node and
produceri, the minimum storage capacitg,, ;, is calculated
asR, ; = 0.3 R, ,, which is also the initial storage level.

B. Computational Issues

We present numerical results for four cases: perfect com-
petition (PC) with and without storage capacity in the grid
and likewise for Cournot oligopoly (CO). The model and
corresponding cases are implemented in GAMS, and the
resulting MCP is solved with CPLEX after re-formulation as
a QP problem in less than one minute on a workstation using
a 3.40 GHz Intel i7-4770 core processor and 8 GB of RAM.

C. Results

The price-smoothing effect of storage from [9] is corrob-
orated in Fig. 5. The impact is roughly similar in off-peak
periods {5—t6) for both PC and CO but is much larger under
PC during peak hourg7-¢8). This is because Cournot pro-
ducers have the incentive to withhold sales, which dimigssh
the price decrease and yields higher profits in peak hours.
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their conventional production in off-peak hours to storergy

Fig. 6b shows that producers with storage rely less on

German producers own 5, 11, 1, 16, and 3 GWh, respectivalgmping their conventional production to meet the higher



a Off-peak Peak b ff-peak Peak C
) 200 p : ) 12 Off-pea : ea ) 120
>
250 : 100
s =f s o
Q) m - 1
g o S
< 200 a ke
Kl 1 2 a
© 2% = £
S 150 7 € °©
5 Z g e
g’ N g (]
2 100 \ B °
@ 8 3
o X (7]
a 50 u X 20
w
0

AN\  S\QA\S
SO~ SO
C’ng\o QOQ%O\OO

Q O

80| B
60|

40+ ¢

Off-peak  Peak d) Off-peak  Peak

60 I .7 (nuclear)
50 P u2 (lignite)
i u3 (coal)

- D w4 (ccaT)
[F55 u5 (gas)
30 [ u7 (hydro)

r (stored
20 L1 energy)

Off-peak
vs. Peak

%

\

3
4

Expected stored energy, GWh

2 & R
OS0% OO
L LS

Fig. 6. Expected a) conventional generation (GWh), b) ramf@¢/h), c) CQ, emissions (Gg), and d) stored energy (GWh) in off-pedk#6) and peak

hours ¢7-t8) for PC and CO with (s) and without (ns) storage cases

demand of peak periods. As presented in Fig. 7, this gives TABLE IlI
Slgnlflcant SaVIngS In ramplng Costs Of 74% and 80% for C@OTAL EXPECTED HOURLY POWER FLOWE(GW), INCLUDING THEIR SUM

and PC, respectively. Indeed, the possibility to use storag

removes an obstacle to integrating intermittent RE by lawger

ramping costs for producers. More ramping is used under CQ Hour PC PC A co co A
than under PC when producers have storage. Consequently, No storage | Storage No Storage | Storage
under CO, ramping accounts for a higher relative share of *° 127 | 1376 | AL52 | 1411 ) 1519 ) 108
’ . . . . . . t6 14.41 13.43 -0.98 14.84 14.80 -0.04
total supply. This can result from a situation in which capac | ,, 1463 1410 | -083 14.93 14908 | 005
WItth'dlng, e.g., by a Iarge nuclear provider, creates arn s 14.13 14.74 0.61 14.67 14.41 | -0.26
incentive for others to utilize their more expensive, yetifie 5| 58.45 56.03 | -2.41 58.55 59.38 | 0.82
generation, such as gas plants. z 14.61 14.01 | -0.60 14.64 14.84 | 021
o 0.49 056 | 0.07 0.37 033 | -0.04

.
I No Storage
90| [ Storage

® s
40}
301 -74%
20+ -80%
- A
0

Perfect Competition (PC) Cournot Oligopoly (CO)

Fig. 7. Effect of storage on expected ramping costs (%)

(2), MEAN (), AND STANDARD DEVIATION (o) WITH DIFFERENCES
BETWEEN NO-STORAGE AND STORAGE CASES INDICATED AS\

charging using the cheapest technology in off-peak hours in
order to back up RE generation during peak hours. As a result,
transmission flows decrease during off-peak hours becduse o
the reduction in sales and are hardly affected during peak
hours (Table Il). Furthermore, flows under PC are generally
from west to east, i.e., from3 to n5, n12 to n6, andnlb

to n11. Market power, however, reverses these flows because
of the withholding of sales at2, n3, andn6 by EDF, which
owns the most capacity. Under CO, EDF’s withholding creates
an opening for fringe firms froom1, which are enticed by
higher prices a2, n3, andn6. In fact, flows on the three
aforementioned lines are reversed because of market power,
and these flows actually increase because of the combined

Since increased penetration of intermittent RE technelgieffect of market power and storage. A plausible explanation
can also pose pr0b|em3 for network Congestion, we examiﬁ% the former outcome without storage is that EDF withholds
the expected congestion rent collected by the grid owner Mclear production ir5 only to ramp up at6 (Fig. 6b). This

Fig. 8. While storage alleviates network congestion, theatff

helps it to earn extraordinary profits from both its nuclear

is slightly stronger under PC, where total expected coigestand hydro production even though ramping nuclear plants is
charges decrease by 12%. Under CO, the expected congestsily. With storage, EDF produces up to its optimal level at
revenue is higher to begin with, and the alleviating effect {5 without having to ramp up as much later on because it can
relatively smaller, i.e., 6%. More network congestion undélivert “surplus” generation to storage. Hence, storage éhas
CO seems to result from strategically withheld sales (aesodmild impact on congestion under CO partially because of the
n2 andn3 in particular). This creates an incentive to increasgrategic use of storage by EDF, which entices German fringe
imports and could cause congestion on relatively smallssroProducers to increase sales at nod€s n3, and n6 during

border lines such as the ones connecting nodes:5, n6—
nl2, andnll-nl5 in Fig. 1.

off-peak hours.

From Fig. 9, storage may increase expected, €@issions

Under PC, storage is used in a socially optimal way, i.e., fander PC, but its effect is marginal under CO. In spite



180 | I No Storage %
[ Storage

1601

1401

120

L ] 23
L \' 4
@ 1000 -12% 4 ‘ f
4 L \m - _ B
80 1
-
60 9 [ 7
40+ 1 45F = PC, No Storage ||
= = =CO, No Storage
20+ 1 44 1111111 PC, Storage nt
= | m 1 CO, Storage
0 - 43 : :

Perfect Competition (PC) Cournot Oligopoly (CO) 5 6 Time t7 8

Gg CO,

Fig. 8. Effect of storage on expected congestion revenugs (% Fig. 10. Hourly expected COemissions (Gg)

of the emissions-increasing characteristic of storageraspeln spite of no ramping by nuclear plants in the CO cases,
tions, removing both storage and wind capacity from theur results remain qualitatively unchanged. Furthermte,
grid would result in more fossil-fuel generation and, thusiounterintuitive impact of storage on expected emissinrtise
increased emissions. As a benchmark, expectegdébissions PC cases is not affected at all because there was no nuclear
would be 1.2% (PC) or 3.0% (CO) higher in a “no windamping to begin with in the absence of market power.
and storage” case than in the “wind and storage” case. TheSpecifically, after we eliminate nuclear ramping, the only
expected hourly C® emissions in Fig. 10 indicate that theaspect that changes is that nuclear generation is the same du
undesirable effect of storage on ¢@missions results from ing off-peak and peak hours in both CO(ns) and CO(s) cases
an increase in conventional generation during off-peak$ou(Fig. 11). As with the original ramp-up costs, total expecte
When storage’s efficiency losses are taken into account, theclear generation is drastically reduced from approxéyat
production decrease during peak hours is not enough totoff2860 GWh in the PC cases to 190 GWh in the CO cases,
it, especially under PC. As seen in Fig. 6a, less polluting athereby resulting in similar consequences for expectectkepri
more flexible gas production is substituted by cheaper bGO, emissions, ramping costs, and congestion costs. While
emission-increasing coal and by CCGT for off-peak storagdimination of nuclear ramping is offset to some extent by
charging. The difference between PC and CO can be attributedreased gas and hydro ramping, expected ramping costs are
to Cournot producers’ incentives to exploit their storage clower to begin with in case CO(ns). Thus, the reduction in
pacity to withhold sales. Finally, the results presentethis expected ramping costs as a result of storage under CO is 64%
section are robust with respect to volatility in RE genemati rather than 74% with the original ramp-up costs, which does
not change the main finding in Fig. 7. Similarly, expected,CO
emissions were unaffected by storage in the CO cases using

I o Storage ‘ the original data and are now decreased by 0.1% with the
250/ | ] Semetmmark 1 elimination of nuclear ramping. Finally, prevalent transsion

flows still go from east to west in the CO cases because of
the withholding of nuclear generation relative to the PGesas
Table 1V indicates that in spite of the elimination of nucglea
ramping, expected flows still increase in off-peak hours due
to storage because it enables EDF to exert market power to a
greater extent. The reduction in expected congestion dogts

sof ] to storage with the elimination of nuclear ramping under CO
is 10% rather than 6% as with the original data (Fig. 8). This
Perfect Competition (PC) Cournot oligopoly (CO) is because congestion is higher to begin with in the CO(ns)
case as EDF reduces generation in peak hours, which creates
more east-to-west transmission flows.

+2.205 +1.2% +3.0%

200+ +0.0%

150

Gg CO,

100

Fig. 9. Total expected CH emissions (Gg)

IV. DISCUSSION ANDCONCLUSIONS

D. Sensitivity Analysis with Respect to Nuclear Ramping Electricity storage can contribute to increased energy sus

We perform sensitivity analyses with respect to the nucletinability by integrating increasing shares of interenitt
ramp-up cost in order to examine its impact on the maRE in the power grid. Our examples show that in addition
results in the CO cases. Specifically, we increase the nucléa previous findings on impacts of storage, e.g., its price-
ramp-up cost in the CO(ns) and CO(s) cases until rampisgioothing effect and welfare benefits for society [9], [11],
by nuclear plants is eliminated. This occurs for ramp-ugsog13], it can alleviate network congestion and reduce predsic
that are five times as high as the original, i£33.50/MWh. ramping of conventional generation.
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TABLE IV +0si L gspni>0,Vi,n,s a7
TOTAL EXPECTED HOURLY POWER FLOWYGW), INCLUDING THEIR SUM u u
(X), MEAN (Z), AND STANDARD DEVIATION (o) WITH DIFFERENCES 0< Py (C’ZO?\L - ws,n> + §°£Vl Tt ﬂseb iw Z Bs,pn iw
BETWEEN NO-STORAGE AND STORAGE CASES INDICATED AS\ WITHOUT v T Y
NUCLEAR RAMPING conv ) s
—0si L gonin >0, Vi,n,s,Yu €Uy, (18)
Hour CcO CcO A up up up .
No Storage | Storage 0<Ps Cn,i.,u - ﬁs,n,i,u 1L Is,niu >0, Vi,n,s,Vu € Up;
t5 14.12 15.18 | 1.07 (19)
t6 14.83 14.80 | -0.03 0< —Pswspn —bsi+ 650 L gsni >0, Ve, i,n,s (20)
7 15.02 15.00 | -0.02 in ~bal in in .
t8 14.73 14.42 | -0.31 0< Piwsn+0bsi— E As,n,i + /\s,n,i 1 Tomi = 0, Vi,n,s
s 58.69 59.40 | 0.71 (21)
z 14.67 14.85 | 018 sto bal out
o 0.39 0.33 | -0.06 0= P (C o ws-”) —0si + )‘s,n,i + >‘s,nﬂi
Ll >0, Vin,s (22)
bal Sto bal ub b
. ! < _ (1= L)\pal o )
We also demonstrate that storage may increase €@is- 0= Asni Z Tys) - (1= B>2) - Adni + Asini = Asinsi
. . . . ’
sions especially in the case of perfect competition duefto ef sE€Fs
ciency losses and changes in the generation mix. Integégtin L 7's,n,i = 0, Vi,7,5 (23)

the effect of storage on GOemissions is negligible under Qsmi — E : E : goo. E : E :ge _
. 3T 8,1,1,U S$,M,%
market power as Cournot producers use storage stratggicalf-x, neN uell, ; neN ece

and not in a socially optimal manner. However, £€nissions

are always lower than in a case with neither wind nor storage. Z r
Some limitations of the modeling approach are the relativel "V "<V

. . A . <T GCO”V _glov. | geonv Vu €U, ;

short studied time frame due to the scenario tree analysss, ¥ = Tt(s) Grn.iu ~ sniiu snyiu = Uy VT 8, VU € Un g

MDD il =0with 0, urs, Vi,s (24

S,M,1

stylized and aggregated form of the network, and the absence (25)
of any restrictions on GHG emissions. Thus, extending our< —¢%, ., + 9520 10 + Yo i L Byniu = 0,
framework to include regulation to cap emissions by accounl&m n, 8,V € Un.; (26)

ing for their social costs and investigating market design t

e e e : € .
find incentives for storage investments are important arefsn.i ~ Ti(s) Asn Gy = 0 With 5, ; ULS, Ve, i,n, s
for future research. In the latter context, either a welfare o (27)
maximizing 1SO or profit-maximizing strategic generators's i — Ty(s) (1 — E¥) r(s)ni — E"rl,  + 700 =0
could invest in storage, thereby necessitating a bi-levet p \yith )\gaJ” u.rs, Vi, n, s (28)

gramming approach [31], [32]. Finally, storage arbitrageu <T
in the Cournot oligopoly cases could be introduced since ﬂ— t(s) o
is likely that standalone storage operation without getimra 0 < Ty - R®" Ry i —ro ; LAY, >0, Vi n, s (30)
would limit the extent to which strategic producers couldrex o <R, ; —r,,; L A\ . >0, Vi,n,s (31)
market power [18]. 0< Ryt rams L Ab S 0. Vi.n, s. (32)

s,m,1

CR™ Rui—r" LA >0, Vin,s (29)

s,n,1 s,n,1

APPENDIX From (11)—(15), the grid owner's KKT conditions are:

Z Py Tt(s) Bn’,n Wsn/ — Z Hé,n ﬁsj + Z Hé,n Hs,[
0 < *Ps Dint . D5|p

Z q 4 q W n'eN lel lel
t(s).n t(s)m = o ot o — Sn¥s,n = 0 with v, , UILS, Vi, s (33)

From (1)—(10), the producers’ KKT conditions are:



0< =Y Hppvem+Ke LT, ,>0,V,s (34)
neN
0< > Hipven+ Ko Lp ,>0,Vs (35)
neN
Sp, Vsm = 0 wWith v, ,, U.I.S, Vn, s. (36)
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