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|. INTRODUCTION
A. Background

Energy markets in the European Union (EU) are undergoing
a paradigm shift. First, climate policy incentivizes power

Shadow price of heat storage balance constraint at naoempanies to adopt variable renewable energy (VRE), e.g.,

solar photovoltaic (PV) and wind powerl [1]. Since these non-

Shadow price of heat storage charge/dischargéspatchable and decentralized energy sources can iecreas

balancing needs, power markets are becoming more inter-
connected[]2]. Second, energy efficiency is critical in alea

Shadow price of heat storage minimum/maximuranergy endeavors |[3], whereby tightening requirementk cal

for technological innovations. This may mean investments i
combined heat and power (CHP) plants together with district
heating (DH) network extensions. The importance of the DH
sector is highlighted by the fact that heating comprisesuibo

nec - Shadow price of loop-flow constraint on AC lines50% of the global final energy demarid [4].

¢AC ¢ [£AC during periodt € T (€/MWh)

53" Shadow price of electricity balance of produdes T
during periodt € T (€/MWh)

ghedt: Shadow price of heat balance of produdee T at
noden € N during periodt € T (€/MWh;,)

52e:1’rt-only
prbducerz‘ € Z at noden € N during periodt € T
(€E/IMWhyy,)

A i+ Shadow price of power-only capacity at nodes A/
of produceri € Z for type u € U, ; during periodt € T
(€/MWh)

APh .- Shadow price of CHP heat capacity at nodes A’
of produceri € 7 for type y € Y, ; during periodt € T
(€IMWh,,)

Aheat - Shadow price of heat-only capacity at nodes N

n,i,x,t"

Given this background, CHP has been proposed in the EU as
a linchpin for reducing greenhouse gas emissibhs [5]. Bexau
CHP uses excess heat from power production, its resource
efficiency iscirca (ca.) 90%, in contrast to ca. 40% with
power-only generation. Finland and Denmark are leaders in

: Shadow price of minimum heat-only/DH ratio,CHP use with about 75% of DH and ca. 35% and 50% of

annual power production covered by CHP, respectively [6].
Moreover, 75% of the DH capacity in these two countries
is based on CHP. Even in a hydro- and nuclear-rich country
like Sweden, CHP comprises over 10% of the installed power
capacity. Additionally, from the perspective of concetitia

of ownership, only 20 CHP plants in Denmark and 47 in
Finland account for 70% and 68%, respectively, of the total
installed CHP power capacity. In other words, large power
companies have the market share to exert market power, i.e.,



withhold output in order to raise priceShus, combined with  Given the increasing penetration of VRE, CHP capacity is
the ambitious energy-efficiency, carbon-reduction, andEVRikely to play a prominent role, which necessitates a cdrefu
targets of the EU, CHP is likely to play a large role in futur@analysis of its implications for market power. Indeedidence
energy systems [7and it would be prudent for policymakersof post-deregulation market power has emerged, e.g., fnrem t
to assess how CHP facilitates producers’ use of market povieK. [21]. While there is no evidence of systematically highe
and its implications for the DH sector than-marginal-cost prices in Nord Pool, there can be region
market power due to insufficient transmission capacityhhig
national market concentration, and vertical integratibnus,
Nordic market power needs to be studied also from the

In the Nordic countries, CHP operations face asymmetnigerspective of base-load capacity withholding, e.g., tslan
regulations: the power price is determined by day-ahead am@intenance timing and hydropower reservoir lise [22].
intraday markets in Nord Pool, while heat is supplied t@ Regearch Objectives and Contribution

consumers at contract-based long-term prices. Due to the ) .
DH sector’s naturally dominant market position, the prigin While complementarity models have been applied to study

decisions are limited by antitrust legislation and auttyori deregulated power industries [20], the asymmetric link BIFC
supervision [[8]. The coordinated planning probland the to both power and DH supply has rarely been addressed. Espe-

resulting feasible operating region (FOR) for CHP has beé&ff!lY In DH-intensive countries, models without the DH &ec
discussechs a multi-commodityobust optimization problem OVErlook an important part of energy systems. In particular
using unit commitment [9]Another approach is taken to usethe complementarity approach enables us to examine system-

a hierarchical stochastic setup to model CHP operationgrund/ide impacts of CHP with the possibility of strategic market
uncertainty [10] resulting in a bi-level formulation thdtoays POWer use. Furthermore, network effects have become more

heat dispatch at the upper level, while modeling the da§i_gnificant because of \(RE integration: the CHP equilibrium
ahead power market at the lower lev@ll] and [12] focus on Medels by [13]and [10]ignore network effects, and Wu and

developing algorithméor solving hourly CHP operations with R0S€n [13] do not consider either VRE or market power.

convex three-dimensional FORs efficientyydWu and Rosen e develop a complementarity model to study the role
[13] implement an equilibrium model to show the benefits #f CHP in the Nordic day-ahead market with ramping and

CHP on social welfare under perfect competition. transmission constraints. Indeed, complementarity niogléd
Chen et al.[[14] examine how CHP with electric boilerflexible enough to assess market designs with increasing VRE
and heat storage can provide system flexibility with VRENA'€S, energy storage, and the gas market, £.9., [[23]-{27]
integration by developing a linear model with a convex CHPNIS Provides E}fr_amework that is appropriate for the redear
FOR (Fig.[1).0n a related noteHellmers et al.[I5] show question (CHP’s impact on market power) and the case study

that the coordination between CHP and wind in a portfoligiOrdic region) because:

maximizes the expected profit for a producer in a two-price « Markets are cleared in the Nordic region as in the rest

structure of the balancing market, and[i€lidies the role of Western Europe without unit commitment [25], [28].

of heat pumps and regulating CHP to integrate excess wind Thus, in order to provide credible insights, our model

into the system in liberalized power marke®verall, the DH needs to reflect market operations.

sector can improve the performance of energy systems under Including market power in unit-commitment models in-

a high VRE share [17][]18]. volves the addition of side constraints that mimic strategi
In spite of ongoing VRE adoption, most energy systems are behavior, e.g., enforcing that marginal revenue is greater

based on large companies’ conventional production dewsio  than or equal to marginal cost only if the unit is commit-

Under perfect competition, the market price of a commodity i ted [29]. As[19] explains, such a constraint could become

B. Literature Review

set by the marginal cost of production. In real@yfew power unwieldy for multi-period models as the marginal revenue
companies typically own sufficient generation capacityxere may drop below the marginal cost for committed units
market power, i.e., raise equilibrium prices, by withhalgli during off-peak periods depending on the fixed costs.

production. Under the Cournot assumption, each produdgiven its high overall energy efficiency, CHP is likely to be a
behaves as if other producers will not alter their genenatigpart of DH-intensive countries’ low-carbon futures. Neer
[19]. Furthermore, a solution in which (i) each produceess, coupled heat and power markets along with producers’
satisfies its first-order conditions for profit maximizatiwhile ability to exert market power may hinder VRE integration if
(i) simultaneously meeting its constraints and ensuring t CHP’s role is not fully understood. Consequently, we previd
industry supply equals demand is a market equilibrium, tvhiégnsights on market power’s effects in such a system.

is referred to as a Nash equilibrium when no producer hasWe use Nordic data to implement a case study of how (i)
the incentive to deviate unilaterally from this solutionhel market power is impacted by CHP and (ii) market power
Cournot assumption together with the Nash equilibrium $eadan affect DH supply. We find that (i) not only can CHP
to the Nash-Cournot game-theoretic framewarkl [20]. Besidentensify market power, but also (ii) market power can shbift

the potential for production withholding in the power sectgoroduction between heat-only and CHP capacity. Thus, our
alone, the link between heat and power in the Nordic regionodel explicates CHP operations within the changing energy
provides additional flexibility to power companies to exersystem andoffers policy insights into the roles of different
market power. energy production types. The rest of this paper is strudture
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hour-dependent for hydro (water value and load followingf) b

constant for other technologies.

The objective function of producer € Z is to maximize
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i hp,h_chp,h ]
system, and Sectidn ]V concludes. + Z ol nfy L~ Wt Zg;’i}t] 1)
YEYVn,i ecé
Il. PROBLEM FORMULATION
A. Decision-Making Problems P power chp p
o SUY ahie = D D i D D Iniw,
1) Producers i € Z: Producers may own and operate neN neN uely ; nEN yEVn i
conventional power capacity € U,, ;, CHP capacity € i ower
power capacity € U pacity € Jn.i S ST =0 (a0, vt )
heat-only capacity: € &, ;, and VRE capacity € £ at any oy (e
noden € N of the network. There are two types of CHP Qe irans. heat trans Chph
plants: back-pressurg/{ € Y® C )) and extraction units Qnit ~ Z B it — Z En iy
(y& € YE c ). Back-pressure CHP plants have a linear *EX”: - Y n,i
dependency between heat and power production, determined + 7, — rosi, =0 (6h°%), Vn, ¢ 3)
by a power-to-heat ratiol,%z;f'h. Extraction plants are modeled PR - L
via asimplified FOR as in[[10] (see Fidl 8. (;B“’ ) Vy B"éyyB ; @
Power from eitheru € U, ; or y € Y,; can be sold at "tlhtht ; Y A e
the production node or transmitted at a cast, and sold Rp nyEt —gfl EEEt <0
elsewhere & la [19]); heat is consumed at the production (¢Epth ), Vn,yE € VE, | (5)
node. The transmission loss associated with hg§#t’s, is the o chht A ’ " ch” it _
difference between production and supply at ned@he heat Re"g, ny T+ R Pg 9, f;jE ,—FpE<0
price, P** and hourly sales of producer@"*®,, are fixed (¢E ubfueh vy B YE Ly ©)
L ) ) )
and known by market participants because they are based on h’;gt’fm]; eat p—
bilateral contracts. To account for DH centrallzatldﬁr‘, eat-only R, it Z By niae <0
sets a minimum share of supply to be covered by heat- -only. TEXn i
Producers can also own heat storage capaﬁiﬂl,, which :‘Lef‘tt"”'y) Vn,t @)
can be charged with heat-only or CHP. There are no operating  power 7T P ) € Uit (8)
costs for storing heat, but efficiency losses in charging and “néut — =t "h“r: - st/ T Y
. . . —C
from hourly decay are taken into account along with charging gflhf;/‘t -T;G,, fy <0 (/\fl*jf"'y”t), Vn,y € Yot (9)
and discharging rates. heat —heat h
o . . . s o< eat iy
Although VRE production is a decision variablg, ; ,, it is Iniswt TtG”ig <0 (Anli), @ € Xist (10)
de facto exogenous and determined by the availability facto g5, — Tt A5, ;G,,, =0 (X5, ,), Vn,e,t (11)
As, ,, for each resource type. VRE also has zero marginal costs pO\_Nert _ powert | — T, RPover uPOVer -
and priority grid access. Hydropower variations are cagutur owerup et
nzut% VnuEL{,”, (12)
1Such an FOR is simplified compared to that[inl[14] because iteesg! gpowert L gpowert Rpower dowrGPOWEF <0
minimum power output constraints for active CHP units (likesvfor power- ™ ™ =
only plants). However, since we model aggregated plant tgpeach node by (pzogvzrf owr)’ Vn,u € Un it (13)
firm, minimum power output constraints are less critical foruaiate system ho.h
representation than they would have been if we were modelisiggie or a gChp h - chp.h =T RChp upZSPN
few distinct CHP units. Furthermore, including such coristsawould require ™ ;y Yt by =
binary variables to model. Unfortunately, this would notlarahe application (pr f UF;) Yn,y € Vit (14)
of the complementarity framework and make it challenging to cohdn h t’]y ho h —chp)h
analysis of market power. Thus, we use a simplified FOR [10] aifyvex gfl f 1 g; Zp RChp dOW’Un o <0
post that both CHP and power-only plants that are operationalgrenantly chy dow vt v
run at above their minimum power output levels (see Se¢ficalll Py, f’y p ", Vn,y € Vn,irt (15)



y=heat .
gheat , —gheat | — T,Rea-ug " <0 flow, f;, for the whole grid, and voltage angi,ac ;, for the

(P e Xt (16) AC part. NA¢ ¢ N refers to nodes connected to an AC line,
Tt @, b7 T " whereas nodes in/°¢ ¢ A/ have only DC connections.

heat heat heat-dowrpheat

gn,i,m,tfl - gn,i.z,t - TtR:z: rén,i,:r: <0 .
- ’ min  — Wnt Y MpnThfor (23)

L L o D e 2 2 ey M

sto ec\ T} ..sto eff .in out __
Tngi,wlt - (1 - K C) frn,i,t—l - LK Tnist + Tyt = s.t. Z TtHgAC’nAcenAc’t - thgAC’t =0

goal )t (18) anre

ir‘ln ' ingamax in ngC c £AC t (24)
Tnyit — T,E Enz <0 ( n,i,t)a vn,t (19) (nEAC,t)v o )
e — TEVET <0 (B, Yn,t (20) Tofer =Ty <0 (), VL.t (25)
Em}? < th,oi,t < E:ix (55,1-715»55?@07 Vn, t (21) - thz,t -TiK,<0 (H@t)’ Ve, t (26)
Gt 2 09w € Unists gs 1 ity = 0, TySe One g = 0 (e ), V' €Nt (27)
V€ Vit 6> 0,z € Xyt g 20 Ouve and fosurs, 'S €N LE (29)
r;‘g,t,r‘;;iyt,rg?;t >0Vn,t (22) where u.r.s. denotes unrestricted in sign. Constraiftieje

loop-flow constraint for the AC lines using a DC load-flow
wherel := {92??_,’3;795325,25,93}2’;,“92?3;,15»93,7:,“QZ?;A,IS: 735.+» linearization based on Kirchhoff's current law in a circuit
ri,';wrge;t cieZneN,uely,y€ Vni,x € Xy,,e € Constraints[(25) and(26) ensure that the maximum capscitie
E,t € T}. Dual variables are in brackets next to theiof transmission lineg € £ are not exceeded. Constraiff}(27)
corresponding constraintslote that in [[1), the CHP variable sets the slack node for the DC load-flow in the AC circuit.
cost could be implemented as being quadratic in both power3) Market-Clearing Condition: To ensure that nodal pro-
and heat output as in_[14]. However, the purpose of suchdaction and exports/imports meet the demand, we use:
function in [14] is to capture the increasing marginal cofst
curtailing wind in a small network with two CHP plants, two qu?;?ter_ Z Z gzorvirt - Z Z gihfz’;)t
conventional plants, and a wind farm. By contrast, we modéf” 1€l uelhn,i €L yEYn i
the entire Nordic region with fourteen nodes and several GWs Z ng;’i’t — Z TiMynfor =0 (wne, UIS), Vn,t.
of installed capacity. Thus, even though the marginal cbst 0 icz cce teL
each type of CHP unit is constant, the diversity of CHP unit (29)

types and capacities (see Table II) leads to an upwardrgopi 4) Equilibrium Problem: Because [{1)F22) and (R3)-(28)
supply stack, i.e., effectively an increasing marginalta@s are convex optimization problems, they can be replaced by
aggregate.Constraints [(R)E(3) ensure the balance betwegRejr Karush-Kuhn-Tucker (KKT) conditions. Thus, the equi
electricity/heat production and sales, respectiv€lgnstraints |iprium problem comprising[{1)=22)[23(8), afd {29ayn
@)-(@) represent CHP operation§] (4) sets the power-&-h@e rendered as a mixed complementarity problem (MCP)
production ratio for _back-pressure pI_ants*.II (B)-(6) def'”@bmprising (F1)-(F30), (G1)-(G6), and {29) (in Appendix).
the FOR for extraction plantsConstraint [[¥) guaranteesynder a Cournot oligopoly, the producers assume that total
a minimum share of nodal DH demand to be covered demandyz_/ez ", in their objective function[{1)s not a
heat-only. Constraints (8)-(1L1) limit production levels the constant,as under perfect competitipibut affected by their
maximum capacities, anf {1)-{17) set ramping limits for Ugecisionsas reflected in KKT condition (F6).

and down ramping per total installed capacity. Constraints

(I8)-(21) limit heat storage operations: energy balance 1. NUMERICAL EXAMPLES

between time stepb (18), charge rdid (19), dischargeld)e (2 We use 2014 data to study four seasonal scenarios, (M)

and maximum capacity (21).
2) Grid Owner: The grid owner controls power transmis—MarCh’ (J) June, (S) September, and (D) December, as repre-

: - . . .~ sentative 24 hours (monthly averages for reference demand,
sion to maximize profif(23) from congestion fees, . As in . . . .
[19], the nodal-balance constraif[29) is not part of thid-gr prices, and production) in two-hour time blocks.
owner’s optimization. Instead, it is a market-clearing dition
with its shadow prices used as congestion charges to guiadefh Data
producers’ and grid-owner’s decision§s, [19] shows thathsuc We implement numerical examples for the Nordic energy
a structure with arbitrage is equivalent to the model with system (Fig.[R) comprising Nord Pool and national DH
welfare-maximizing I1SO that does have the nodal-balance casupply. Nord Pool prices are affected by regional deviation
straint under its optimization [30]. Moreover, the link \ween due to transmission congestion along with temperatures and
the grid owner and the producers arises precisely becauseénydrological conditions, which result in seasonal trenfig).(
the market-clearing conditiof (29): each decision makkeda [3 [32]). The price elasticity of demand is assumed to be -0.25
the congestion rent, i.e., the dual variable associatedl (@8), [33]. For modeling purposes, node$-n14 are auxiliary; the
as given when making its generation or flow decisi@Qur rest correspond to countries, except for Denmark, which has
approach considers both AC and DC lines, i.e., DC load-flomwo price areas. Furthermore, Baltic nodes have an aggmegat
linearization with DC links, as il [31]. Decision variablaee producer and no DH consideration. The dashed lines in Fig.



TABLE I
MARGINAL COSTESTIMATES (U IN €/ MWH, X IN €/MWHyj, Y IN
€/MWH AND €/MWHyp,). (“-” NOT APPLICABLE, *CALIBRATED,
**H OUR-DEPENDENT)

Fuel Types chove c;';p'plcz'gp’“ CZ';P'P/CEQP'“ Cheat
Coal ul, yl, z1 29 - 15/ 30 47
Natural gas| u2, y2, 2 85 45/ 50 46 / 51 53
CCGT u3 47 * - - -
Qil ud, y4, r4 78 37 /51 38 /52 54
Biomass ub, yb, x5 62 - 28/ 26 27
Oil shale u6 33 - -
Nuclear u’7 9

Hydro u8 * wk - - -
Waste 9, 29 - - 25/3 24
Peat y10, 210 - - 22125 25
Bio oil zll - - - 51

DH transmission efficiencies (Sweden 88%, Finland 91%,
Denmark 80%, and Norway 89%) and set minimum shares
of fringes’ DH supplies to be covered by heat-only (Sweden
60%, Finland 30%, Denmark 27%, and Norway 99% as
Fig. 2. Test network of the Nordic power system. annual DH production not covered by CHm[Bm[3m[43]
Producers’ hourly DH sales are estimated based on theie shar
of the annual supply and an estimated DH demand based
on outside temperature (heating-degree hours) and het-wat
demand (30% of annual DH demand).

Production costs (Tablelll) are based on fuel costs (power
[44]—-[4€], heat[[47],[[48]) variable O&M costs [49], and GO
s 6 7 8 9 10 11 12 emission costs€5/t, [2]) along with emission rate5 [60]. The

Month CHP marginal cost is allocated to heat and power proportiona
to the energy content of each product, which is known as the

energy method [51].
The producer setZ, includes the largest Nordic power-

w
o

Price €/MWh)
5 8

Fig. 3. Average Nord Pool system prices/i/Wh) in 2014.

TABLE | only and CHP owners. The rest and the majority of DH
LINE TYPES AND MAXIMUM THERMAL CAPACITIES (MW). . . .
producers are aggregated into national fringe greupstalled
Line | Type | Positive direction| Negative direction power and CHP capacities (Tablgsl Ill andl IV, respectively)
| AC 650 450 are mainly from Platts'[52] but updated from the companies’
g ﬁg égg 1255)0 websites. Finnish heat-only capacity is from1[35] (Table V)
04 AC 2145 2095 Where available, producer-level data for other countriedrar
6 bC 950 1000 dividually obtained from the companies’ websites (Vatiinf
gg ﬁg 228 ggg Statkraft). Others are estimated from companies’ annual DH
8 AC 600 1000 production mix, their relation to the Finnish DH production
ﬁo g% 2;3%%5 2721%5 and Iﬁinland’s installed heat-only capaci®ower-to-heat ratios
-t- . . . .

a1 | oc 590 600 (R‘;B,E) for CHP operations are from [49]. For simplicity, we
a2 | AC 1700 1300 useRMtN=0.25 andR"P=2.4 for all extraction unit types [10].
23 | AC 1480 1120 Y T A i .
/14 | DC 1200 1200 Maximum fuel intake {',¢) is defined as the ratio between
215 | AC 1480 1120 total capacity and total efficiency of an extraction ugfit
ﬁ? Bg %263%0 iggg In 2014, there was roughly 50 GWhof heat storage in
18 | AC 750 779 Denmark [53] and 17 GWh in Finland [54]. SE and NO
(19 | AC 1234 684 capacities are estimated from Finnish data, resulting ir26a

GWh,;, and 4 GWHh,, respectively. The ownership structure is
based on producers’ DH capacities. We use 99% for input and
[2 correspond to DC links and solid lines to the AC gfidI[34]hourly periodic storage efficiency. Charge and dischartgsra
these are assumed to have similar conductivity charatitstis and minimum and initial states of charge, are set to 30%.
Maximum thermal line capacities (Tadle I) are based on theHydropower availability represents historical monthly- av
most frequent Elspot day-ahead capacities in 2014 [32].
Average DH prices (excluding taxes) in 2014 were 2vattenfall ¢1), E.ON (2), Ringhals {3), OKG (i4), Fortum ¢5), Fringe
€59/MWh,;, in  Finland, €66/MWh,;, in Denmark, SE 6), TVO (:7), PVO (ié_;), Helsingin Energiai0), Kemijoki (:10), Fringe
. . FI (:11), Dong ¢12), Fringe DK ¢13), Statkraft ¢{14), Eco Vannkraft
€70/MWhy;, in - Norway, and. €71/Mw_hth ) n Swgden (¢15), Norsk Hydro §16), Sira-Kvina ¢17), Agder Energi {18), BKK (i19),
[35]-[38]. To account for capacity centralization, we coles Oppland Energii0), Fringe NO ¢21), aggregated Baltic companie&#).



TABLE Il c
INSTALLED POWER-ONLY CAPACITY (GW) IN 2014AND AVAILABILITY s
PERCENTAGES (*AGGREGATED, INCL. POSSIBLECHP-POWER) 2@
Node | Producer| wl w2 w3 wud ub wub u7 u8 Wind PV 8
SE il - - - - - - 32 8 0.4 E £
i2 - 01 03 03 01 - -| 26 0.2
i3 - N - -
i - - - - R . 26 .
i5 - 2.9 - -
i6 01 01 01 18 01 - -| 39 4.8 0.1
FT I 06 - - - - - 10| 08 B - i ] -
i - - - - - . 18 - Fig. 5. Average system prices under perfect competition ,(RIZurnot
I e v oligopoly (CO), and historical 2014 prices in the (M) Maratesario.
i10 - 11 -
il - 01 - 11 - -  -| o8 0.6
DK1 i12 - - - - - - - - 0.4 TABLE VI
il - - - 0.4 -
;13 . i i i i i i i 20 04 TESTCASES.
DK2 i2 - - - o7 - - - E 0.2 E _ i
i13 - - - e - 0.8 0.2 Model Perfect Competition ~ Cournot Oligopoly
NO i}é - - 02 - - - - g-g 02 - CHP (status quo) SQ-PC SQ-CO
6 o 50 ) CHP decoupling DE-PC DE-CO
il7 - - - - - - - 1.8
i18 - 17
i19 - - e 14
i20 e 12 - . :
| - . o2 01 - - -] ss | o7 B. Calibration
EEx 22 - 02 - - 01 18 - - 03 . . . .
Vs | o — 05 - - - - -] 15 | 01 To obtain credible results, the model is calibrated to poedu
T+ 22 16 05 08 - - 1.0 03

[ % | Avalable | 90 95 80 86 95 90 0] Fig.4d | Fig.&d  Figldp]

TABLE IV
INSTALLED CHP-PowER CAPACITY (GW) IN 2014AS BACK-PRESSURE
(yB) AND EXTRACTION (yE) UNITS AND RELATED PARAMETERS.

Node | Producer| y1E — y9F 928  92F 4B  44F  410F  45F
SE i B - - - - E B 0.2
i2 - - - - 01 - - 0.2
i5 01 01 - - - 02 - 0.2
i6 02 02 01 01 01 04 - 1.8
FI 5 01 - 03 - - B 0.1 -
i9 04 - 06 - - - - -
i1l 09 - 07 02 - 01 11 05
DK1 2 1 - 01 04 - B - 01
il 0.7 - - - - - - -
i13 - 01 05 04 - - - -
DK?2 112 1.1 - - 0.3 - - - 0.5
i13 03 01 01 03 - 01 - 0.1
% | Avallable | 90 90 95 95 95 95 95 05
R,Fy’;;'; 058 028 078 118 078 118 043 0.4
TABLE V

INSTALLED HEAT-ONLY CAPACITY (GW;j) IN 2014AND AVAILABILITY
PERCENTAGES (*ESTIMATES BASED ON F'I)

Node Producer| z1 29 22 24 z10 x5 rll
SEx* il - - - - - 0.5 -
i2 - 0.3 0.1 - - 0.2 -
5 0.2 04 - - - 0.2 0.1
i6 06 64 06 06 08 122 0.6
FI 5 0.2 - 0.6 0.4 - -
19 0.2 - 1.0 1.2 - - -
i1l - - 23 53 0.9 1.3 -
DK1x 213 1.7 17 15 01 - 2.9 -
DK?2x 213 1.1 11 10 01 - 1.9 -
NOx* 114 - 0.3 - - - 0.1 -
i21 - 33 03 01 - 1.2 -
[ % [ Available] 90 90 95 95 95 95 95]

close-to 2014 Nord Pool prices (Fifl] 5, mainly between
perfect competition and Cournot oligopoly) and a reasanabl
production mix. This is done by adjusting hydro water values
and availability (Fig[Zk). In addition, the CCGT fuel prite
set to€47/MWh to calibrate prices in the Baltic nodes.

C. Test Cases

We define four test cases (Talfle] VI) to study our research
guestions. Thus, in addition to the market power considerat
we test two possibilities for CHP: the current situation and
a hypothetical case in which the power and heat capacities
are decoupled into power-only and heat-only components. In
practice, this means the same nominal capacities implied by
(®) and [9) without the linking constrain{s] (43-(5), whilsing
the corresponding power-only and heat-only costs fromélabl
[M(except for waste and peat, for which there is no powestonl
SO we use power component costs equal to biomass).

Thus, combined with the seasonal scenarios (M), (J), (S),
and (D), we implement 4x4 runs in the General Algebraic
Modeling System (GAMS). We reformulate the MCPs as anal-
ogous convex quadratic programs (QPs) because the rgsultin
optimization problems can be solved more quickly and réfiab
with CPLEX [58] than as MCPs with PATHwhich uses a
generalization of Newton’s method to solve a square system o
equations According to Theorem 4.4 ir [20], the global
optimum for the corresponding QP is also an equilibrium
solution to the MCP.

Finally, as indicated in Section 1I-A1, we also check the
ex post power output for operational plants to verify that
most of them run at well above their minimum power output
levels. For example, in March under perfect competitionPCH
plants operate at more than 0% but less than 20% of the
rated power capacity only 4% of the time (14 plant-period

erage production of installed capacity for Finland![55] an#lStances out of a possible 350 plant-period combinations)
Sweden|[[55]. Norwegian hydropower production is estimatddie results are similar for other months, power-only plants

as 96% of the NO price areas’ Nord Pool Elspot sales volumes

On a workstation with a 2.40 GHz Intel i5-6300 core processud 8

[Q]- Likewise, the availabi"ty of wind (Fiﬂa) and soleV GB of RAM, the QP reformulation decreases the computationze ©f each
(Fig.[4B) represent average hourly production [32]] [S5F} problem instance from tens of minutes to a few seconds.
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Fig. 4. Average hourly VRE production and available hydmepoof installed capacity in 2014 in (M) March, (J) June, (8p&mber, and (D) December.

TABLE VII
MARKET POWER IMPACT(A) ON SOCIAL WELFARE (SW), CONSUMER
SURPLUS(CS),PRODUCER SURPLUYPS),AND GRID OWNER'S SURPLUS
(GR). VALUES IN THOUSANDS OF€, AVERAGE OF SEASONYM)-(D).

O 2 NG A OO N ®

F
_
P
F
—
F
—
—

SQ-PC  SQ-CO A DE-PC DE-CO A
SW 87113 86 777 -336 84549 84 237 - 312
CS 57697 51439 -6258 53393 48607 -4785

Price Change (€/MWh)

$ 3§ 2 8 58 8 8 3 8 % 3 ¢ PS 28578 3468 6107 30136 34805 4670
- GR 838 652  -185 1020 825 -196
5 z 5 z & z & 2
(M) March (J) June ‘ (S) September (D) December ‘ 9
u Perfect Competition (Case 3 vs. 1) Cournot Oligopoly (Case 4 vs. 2) =
z,
Fig. 6. CHP decoupling impacts on system average electniciges. g:z
54
63
and Cournot oligopoly cases, i.e., the share of such minimum  8°
o
0

power violations is between 1% and 4%.

D. Results

1) Power Markets: The decoupling of CHP production "k | (e @ st | 0 s
components increases electricity prices under perfectpeem
tition in all scenarios with a greater impact during peakmSouUrig. 7. Mmarket power impacts on system average electricityepr
(Fig.[@). The price increase indicates that CHP reducessyst
costs due to its higher joint production efficiency. Moregve
as extraction units comprise 83% of the CHP capacity in tfigst-order necessary conditid? (¢)g+P(q)—C’(g) = 0. Be-
Nordic energy system, there is also not much loss in flexjbilicause the three terms correspond to the marginal profit from a
due to cogeneration. Decoupling, thus, reduces cost Bfect infinitesimalincrease in production, we can unpick the effects
ness without offering any meaningful countervailing irage of an infinitesimalreduction in sales: an increase in revenue
in flexibility. Decoupling impacts under Cournot oligopaye due to a higher selling price, a decrease in revenue fromrlowe
similar to those under perfect competition, except for peirsales, and a decrease in cost from less production. The first
smaller in magnitude perhaps because power output is glreadhd third terms are marginal revenues from withholding, and
withheld due to market power. There is also more paritfie second term is the marginal cost of withholding. With
between off-peak and peak hours (Fiy. 6). CHP, the second term is reduced because the producer can
Analysis of the impact of market power (Talfle VIl) indi-offset the lost electricity market revenue with heat prdituc
cates that it decreases social welfare to the detriment mf cdlence, the availability of CHP reduces the marginal cost of
sumers but to the benefit of producers. Moreover, CHP enabVgghholding so that more power production is withheld.
this effect to be strongeT.he effect of market power on prices 2) DH Sector: CHP links the producers’ ability to impact
(Fig. [@) is most severe during off-peak hours since there psices through power production decisions to the DH sec-
more scope to increase prices. During peak hours, the imptt Examining DH production, we find that market power
of market power on prices is typically stronger with CHRncreases (decreases) CHP (heat-only) output during i3easo
(Cases SQ-PC and SQ-CO). To see this, note that more po@@)y (Fig. [1I0). The impact in other seasons is negligible
is withheld during peak hours with CHP (F[d. 8) than withouand is significantly larger in (D) perhaps due to higher DH
CHP (Fig[9). Thus, on average, market power increasesspriseipply, i.e., more to withhold from. As indicated by Figs.
less when heat and power production are decoupled. In avdeBt and[® along with the preceding discussion, CHP makes
understand why less withholding may occur under decoupling easier to withhold generation so that producers switch to
consider the profit-maximization problem of a monopoligtwi CHP heat output from heat-only plants to meet their DH
power-only generationnhax, P(q)g—C(q), which leads to the obligations. Indeed, somewhat paradoxically, by shuttiogn
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We find that (i) CHP can intensify producers’ market power

by reducing the opportunity cost of withholding output. We
also observe that (ii) market power may shift DH production
to CHP from heat-only because of the additional leverage it
provides during peak hours. Finally, even with fixed DH sales

market power may impact GQemissions from the DH sector
due to production mix changes.

Our study provides insights into heat and power production
interactions in the Nordic system, which has a significant

Fig. 8. Market power impacts on electricity output in (D) Detteer (Case DH segtor. Such impacts Sh0U|Fj be taken into account Whe'n
SQ-CO vs. SQ-PC). assessing the role of CHP in similar energy systems, even if

o

Electricity Generation
Change (GWh)
&

our approach has been limited in considering more complex

CHP operations and the topology of district heating. It may
be that market power use is possible or attractive only for
a small number of (CHP) producers. Finally, including VRE
uncertainty and capacity expansion are fruitful topics for
extending this research.

I Fower-only

HP I
10 |:|C (decoupled) | APPENDIX
S § N R RS From [1)-{12), the Cournot producers’ KKT conditions are:
SE&ISLEILIYISLEP AV
Hour of the day power power power power-up power-up
(Cnut Wn t)_(s +)‘n7,ut+ niut T Prnjiu,t+1
Fig. 9. Market power impacts on electricity output with CHRedepling in + pff"g/f:_gi‘“/l”— o down | g e =0, Vn i, u €U iyt (F1)
(D) December (Case DE-CO vs. DE-PC). / ’Cpr power
0= (Cy - w"’t) O T d)n,i,yB t
h .
J— gfl ?’ZB t Z 07 VTL, 1, ?JB S ySJH t (F2a)
B CHP-heat [ JHeat-only - © - Total DH CO, o
p.p power E,p-t-h f-t-p , E,ub-fuel
‘ ‘ ‘ : L (Cy a w"’t) O~ d)n,i,yE,t + RyE (bn,i,yE,t
5 .
£ . lo2 Lga™Pe >0, Vn,i,yf € Yot (F2b)
= e~ - g = 5
g = [ 9 .- 5 O chp,h transsheat chp,h p-th B chp-up
£ o B Sl 0 éé OSCyB — B0 t+>‘ni,y5t RB¢nzy F Py
0% uog ___chp-up + chp-down _ chp-down
§§ ONS n,i,yB,t+1 pnint+1 n,i,yB,t
IO 102 ° chp,h
sl | | | | 0.2 1 g, ’:’yB . >0, Vn,i y €)B, it (F3a)
chp,h transsheat chp,h p-t-h E,p-t-h
(M) ) (S) (D) 0< C — B0t An Gt + R E ¢n iEot

E,ub- fuel chp-up chp-up chp-down chp-down

f-t-
Fig. 10. Market power impacts on DH production (G¥hfrom CHP and +R ¢n iyE, . T n,i yE t 7 PrigE 1 + PriEit+1  PrigEt

heat-only, and on C®emissions from the heating sector (Gg) (Case SQ-CO chph
vs. SQ-PC). Lg, e, 20, Vg, yE e VEL it (F3b)
h h heat-onl h heat-
0 S Czeat_ Egansg em Etransénela ton y+ )‘nein'c t + prLe:E:;J,pi
_ heat-up + pheat down pheat down
heat-only plants rather than CHP units, producers behaving oot = omne B+l Pniat
e >0, Vn, i,z € Xyt (F4)

a la Cournot exert more leverage to increase power prices: Inisot

power . B
Most of the power withholding comes from power-only, but a 0= ~@n.t = 0ip + X i L gnie 20, Vn i et (F5)

similar logic may apply for CHP during peak hours (Ai§l. 8). o< 7(1:);’;; - ijpt( A+ a) —wn t) + P!
Finally, we find that market power slightly shifts productio i'eT
toward CHP biomass and peat in FI from heat-only biomass as. 4, ;¢ > 0, Vn, i, (F6)
producers seek to exert their market power, which increase$ < gba | — (1 — péeTeghal | g g
CO, emissions as biomass is deemed carbon neutral in the_ rS0 >0, Vn,i,t (F7)
EU’s Emissions Trading System (ETS). 0< 5heat _pefghel gL g >0, Vnyit (F8)
0< 5heatt + 8% B, L O, >0, Vit (F9)
hp,
IV. DISCUSSION ANDCONCLUSIONS 0= DD S S oo oo SO Sl L
.. . . eN eN uel, ; EN YEY, i
Transitions in energy markets affect the role of CHP in " e o nER T
. . . — e I y
DH-intensive systems and call for suitable models for un- Z%Z;gt with &; ;™ U.L.S, Vi, (F10)
. neN ec
derstanding what ma_rket outcomes there are vyhen produc_erg Qe S s S pansgeren
may behave strategically. In this paper, we investigate (i) @it & Iniet = 5" iyt
. .. z n,i Yy n,i
whether CHP mitigates market power and (ii) how market
i — o L with 61°% urs, Vi, i,t (F11)
power affects the DH sector's operations. To this end, we ’“hpp ™, ot chan
use complementarity modeling to compare perfect compatiti 0 =9, ;8 ~ e 9, 5 ¢
with a Cournot oligopoly for the Nordic region. with ¢n i8¢ UTSs vn,i,y® € VB, it (F12)
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LgEPtL 20, Vi, y € Y5t (F13)
0< Fye RZEhgf:‘ZZE,t - RZEP ff"fZEt
L gEtEe > 0, Vi y € Yot (F14)
0< > phEnsgheal | — gearonheat,

TEX), ;
L oo > 0, i, i t (F15)
0 <TGt — gt LA >0, ¥n,iu € Uit (F16)
0 < TiGU™h — gMPP LA >0, Wiy € Vaayt (FL7)
0< TGS, —gheat . LAl >0, Vnia € Xyt (F18)
0=g%,—TeAS Gy, With XS, , urs, Vn,i et (F19)
0 < —ghi s+ Gt iy + Te ROV
1 fj’ﬁ‘;’i Vn,i,u € Uy i, t (F20)
0 < —ghi i1+ G, + Te ROV OGO
L PO i € Uy i, t (F21)
0< *ggjg:?;,t + gf:gzz,tfl + TfRth_upaﬁ::
Lo i,y € Vit (F22)
0< g0 s + 900 + TR BT

OO i,y € Vot (F23)
0< —gleot,  + gl + Ty RIS,
L phea® iz € Xyt (F24)
0< —ghe®, | +ghe, , + Ty Ricavdowg st
L pheardom n i,z € Xy, 4, (F25)
0= Tit,oi,t —(1- Ede%Ttrfzt?i,t71 - EeﬁTi?T,i,t + Tg:ﬁ,t
with 852 , u.r.s, Vn,i,t (F26)
0<TE"En G —r, o LAN., >0, Vn,it (F27)
0 < T EME, G — %, 1 8%, >0, Vn,i,t (F28)
0<ENT -0, LA, >0, Vnit (F29)
0< —EM 4780, LAP,, >0, Vn,it (F30)

From [23)-{(2B), the grid owner's KKT conditions are:

0= Z T HZAC ,nAC Tgrc St +T; SnAC TYnAC ,t

ZACGEAC
with 0,ac , u.rs, ¥n S € NAC ¢ (G1)
0=— Z TtMLn"‘-’n’,t — TH]ZAth + Ttﬁgﬁt — Ttﬁé,t

n'eN

with f, u.rs, V4, ¢ (G2)
0= Z TiHonc pacOpac  — Tt fonc

neN
with ngac , u.r.s, VEA° € £AC ¢ (G3)
0<TyK;—Tifee LHg, >0, Vet (G4)
0<TiK,+Tifex Lp,, 20 Vit (G5)
0= TtSnAC gnAC,t with VnAC ¢ u.r.s, VTLAC S NAC,t (GG)
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