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Abstract. In this chapter, we introduce optimization methods for pro-
duction scheduling and power market participation for district heat-
ing systems under uncertainty. We present an optimization model for
scheduling the production units using mixed-integer linear programming
and stochastic programming. Based on the optimal production schedul-
ing, the bidding amounts and prices to the day-ahead market are deter-
mined using an extension of the model. Results are shown for a demo
case of a Danish district heating system.
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1 Introduction

We focus on the operational production planning of the district heating (DH)
operator. Usually, the operator has a set of different heat production units at
their disposal to fulfill the heat demand in the network. Those units can be heat
production units converting an input energy carrier to only heat, or combined
heat and power (CHP) units that produce heat and power simultaneously. The
input energy carriers can be, for example, natural gas, electricity or wood chips.
Further sources of heat available to the DH operator can be solar thermal units
or industrial waste heat. With an increasing number of small-scale production
units, changes in heat demand, volatility in electricity prices and heat produc-
tion from renewable energy sources (RES) as well as the availability of storage
possibilities, the production planning becomes a complex optimization problem
for the DH operator. This is in particular the case for low-temperature district
heating systems (DHS), since there, the inclusion of heat pumps as well as waste
heat and and solar thermal production is widely used [14, 12]. Furthermore, the
production moves from a few central units to many smaller central and decen-
tralized units [12]. Therefore, a large number of units need to be dispatched while
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many of them are coupled to the electricity markets. Additionally, production
of RES units is uncertain at the time of planning.

In the remainder of this chapter, we first present an optimization model
to dispatch the units under uncertain conditions. Secondly, we will focus on
how the production optimization can be used to determine electricity market
bids of market-dependent units. The planning problem is formulated using the
time scale relevant to the market. For example, the day-ahead electricity market
Elspot of the Nordic electricity market has hourly planning intervals [19]. Here,
the hourly dispatch of the units is of interest for the DH provider. The models and
methods presented in this chapter are applicable to any length of market periods.
The bidding method explained in Section 3 relates to a deregulated wholesale
electricity market where the market is cleared and the price is determined based
on the intersection between supply and consumption bids. For instance, all bids
to Elspot have to be submitted before noon the day before energy delivery.
Then the market operator calculates the market clearing price for each hour
individually by sorting all production bids in ascending order of price and the
consumption bids in descending order of price. The market clearing price is the
price at which both curves meet [19]. In other market settings such as regulated
electricity systems, the bidding method may be obsolete. However, the dispatch
model presented in Section 2 based on electricity prices is still relevant. In Section
4, we present results of the optimization for a representative week in October
2020 in the Danish DHS in Brgnderslev.

2 Mathematical Optimization for Operational Production
Planning

The operational production optimization or economic dispatch of units in a DHS
can be formulated and solved using a mixed-integer linear program (MILP) as
several publications show. For example, [5] and [22] formulate different MILPs
to schedule CHP production units in connection with boilers, thermal storage
tanks and solar heat units. The models are used for cost evaluations, therefore,
the authors investigate predetermined price and solar heat scenarios using a
deterministic model. [13] optimize an integrated power and heating system in-
cluding a wind farm, a heat pump that can be produce based on the wind power
production and a CHP unit. They model this particular system including the
connected DH and power systems.

To appropriately consider uncertain prices and production in the operational
planning, we move from a deterministic model to stochastic programming. For
example, [15] optimize the operation of CHP units in combination with electric
boilers and heat pumps under heat demand and electricity price uncertainty. An
overview of models and optimization methods for DH is given in [20].

Here, we also formulate the dispatch problem as a two-stage stochastic pro-
gram [1] using a MILP. It is considered a stochastic program since at the time
of optimization, electricity prices as well as heat production from solar heat and
waste heat are still unknown. Heat demand is considered deterministic one day
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in advance, since it can be predicted quite accurately by the methods shown
in Chapter 6. The mathematical formulation that is presented in this section is
adapted from the model formulations described in [3] and [21]. An overview of
the nomenclature is given Table 1.

We are presenting the dispatch optimization problem for a typical DH sys-
tem which contains several types of heat production units, given by the set U.
Some units are dependent on the electricity markets, because they are either
CHP units U°HP producing electricity or operated with electricity U®F, e.g.,
heat pumps or electric boilers. There could be other units &~ for which the pro-
duction is determined by external factors and are therefore non-dispatchable,
e.g., solar thermal units or waste heat injection. The remaining units U™ are
heat production units independent of the electricity market and can be freely
scheduled within their capacities, e.g., biomass or gas boilers. All types of units
are taken into account when fulfilling heat demand. In this planning problem,
the network is abstracted by considering several demand sites D with given heat
demand for each time period 7. Thus, the demand is represented in terms of
energy where supply temperatures are taken into account when calculating the
heat demand. We distinguish several demand sites to model features of the net-
work topology, e.g., that not all units can reach all demand sites. The goal is to
fulfill the heat demand at all demand sites in all scenarios {2 of electricity prices
and heat inflow from non-dispatchable units. Additionally, the DH operator can
use heat storage tanks S to store heat from one period to the next.

The decisions that have to be taken are:

— heat production g ., of each unit u € U in each period ¢t € T and scenario
w € {2 and how this production is distributed to the demand sites (xggt,w)
and storage tanks (z5, ).

— storage levels d, ¢, of each storage tank s € S in each period ¢t € T and sce-
nario w € {2 and the usage of the storage for fulfilling the demand (mdDE,t’w).

— commitment decisions for units with minimum up- and down times that are

given by the set /¢ C U. Commitment decisions are the on/off status (yu.;..)

as well as the periods where a unit is started (y5%%") or stopped (ystf P).

The objective function (equation (1)) minimizes the expected operational
cost of heat production taking heat production (CI!) and start-up costs (C5) as
well electricity purchases of electricity-driven units and electricity sales of CHP
units into account. The electricity prices (A;,.,) are considered uncertain and the
power production/consumption is calculated based on the heat production and
the heat-to-power ratio ¢,,. The costs are weighted with the probability () of
the respective scenario.

Min Z Tw Z Z Oql;lq%t,w + Z Csys,tﬁg

wesn teT Lueld ueUC

+ Z At Oulu,tw — Z )\t’wqgﬂ (1)

weUBL wEUCHP “
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Table 1: Nomenclature

Sets

T ={1,..,]T|} Set of time periods ¢
u Set of heat production units u, U = U UyPr vt UUN

UCHP cuy Subset of CHP production units

ut cu Subset of electricity-based production units

utcu Subset of heat-only production units

uNcu Subset of non-dispatchable production units

uccu Subset of production units needing commitment decisions

D Subset of demand sites

S Set of heat storage tanks s

N Set of scenarios w

B Set of block bids b

Parameters

ca Cost for producing heat with unit v € & [EUR/MWHh]

cs Start-up cost of unit u € U°HF [EUR]

Q ,Q, Minimum and maximum heat production for unit v € & [MW]

AET, ADT Minimum up- and down-time of unit u € UCHF [time periods]

AT Binary parameter: 1, if unit u € U is connected to demand site
d € D, 0 otherwise

AHSS Binary parameter: 1, if unit v € U is connected to the thermal
storage s, 0 otherwise

AE‘B Binary parameter: 1, if storage tank s € S is connected to demand

site d € D, 0 otherwise
Heat-to-power ratio for unit u € U°HF [MWh/MWhe]

Pu

St st Initial and target storage level in storage s [MWh]

K, Capacity of storage s [MWHh]

ls Losses per period in storage s (%)

Atyw Electricity price for time period ¢ € T and scenario w € 2
[EUR/MWhe])

B Heat demand at site d € D in time period ¢ € 7 [MWh]

Tutw Stochastic heat input from heat production unit v € U~ in period
t € T and scenario w € 2 [MWHh]

T Probability of scenario w € 2

H Time-factor, fraction of one hour

Vb value of bid b € B in scenario w € 2

ap bidding quantity of bid b € B

Variables

Yu,t,w € {0,1} Binary variable, status of unit u € Y and period t € T, 1 = on,
0 = off

yaert €{0,1}  Binary variable, 1 if unit u € UM is started period t € T, 0
otherwise

y3'sP € {0,1}  Binary variable, 1 if unit u € U"" is stopped period t € T, 0

' otherwise

Qutw €RT Heat production of unit u € U in period ¢ € T and scenario w € §2
[MWh]

xEB,tYW cR*t Heat flow from unit v € U to demand site d € D in period t € T
and scenario w € 2 [MWh]

x}fs;,w €R* Heat flow from unit u € U to storage s € S in period t € T and
scenario w € 2 [MWh]

xfg_’,‘,w €R" Heat flow from storage s € S to demand site d € D in period t € T
and scenario w € 2 [MWh]

Os,tw € R* Storage level of storage s € S in period t € T and scenario w € (2
[MWHh]

2 € {0,1} Binary variable, 1 if bid b is selected, 0 otherwise
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Constraint (2) ensures that the heat demand (Bg,) of each demand site is
fulfilled by heat flow either directly from the production units or the storage
tanks. Constraint (3) distributes the production from each unit either to the
demand sites or the storage tanks. Heat flow between components that are not
possible are excluded by constraints (4) to (6) by using the binary parameters

AEB,AE% and AEB (being 1, if there is a connection, 0, otherwise) and the

maximum capacities of units @, and storage tanks K.

ng,lg,tw +Zx§2,t7w = B VdeD,teT,wef (2)

ueU seS

Qutw = D Torw+ > 205, VuelU,teT,we (3)
deD seS

Hzy g, < ALdQ, VuelU,deDiteT,we (4)

HzS, ., < ASQ Vuel,seSteT,weR (5)

Ede<ASEK VseS,deDteT,we (6)

The production of the units is limited to its maximum capacity (Q.,) in con-
straints (7). For CHP units, the production is further restricted by the unit’s
online status (constraint (8)). The online status v, ¢ is equal to 1 if unit u is
running in time step ¢ and zero otherwise. Correspondingly, the startup (shut-
down) status yj 2t (ystf ) indicates whether unit v is started up (shut down) in
time step t. This is set in constraint (9), while constraint (10) disallows simulta-
neous startup and shutdown of the same unit. Constraints (11) and (12) ensure
the minimum up- and down-time (AYT and APT) requirements, respectively.
Finally, the production of non-dispatchable units is limited by the production
(Iy,tw) in the given scenario (constraint (13)).

Hauiw < Q, Vu e UNUTY te T,we 2 (7)
Quyu,t,w < HQU,t,w < @uyu,t,w Yu € UCHP,t eT,weN (8)
Yutw = Yut—1lw = yst?g ys,tf,i Vu € HCHPat € T\{l} (9)
yotart L yStr <1 VueUMP teT (10)
t
Z yStjr:) S Yut,w Yu € uCHP;t eT (11)
T=t+1-AYT
t
Sy < (1= yurw) YucUCHY te T (12)
T=t+1-ADT
Gutiw < Lot VueUN,teT,we 2 (13)

The storage level is updated according to in- and outflow and losses (I;) in
each period in constraints (14) and (15) depending on whether it is the initial
period or not. The storage level must be below the capacity (K) in all periods
(constraint (16)) and above a certain target (SI) at the end of the planning
horizon (17).
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Oonw=1SE+ Y a5, — > aSh,, VseS,we (14)
ueU deD
5s,t,w = lsés,t—l,w + Z Jjg,it,w - Z inC)U,W Vse St e T\{l},w € (15)
ueU deD
5s,t,w SKS VSGS,tET,WGQ (16)
Os, | T = S;f VseS,we (17)

Finally, production of the units connected to the electricity market needs
to be decided now while the prices and renewable production is still uncertain.
Therefore, the decisions on production and commitment for CHP units and
electricity-based units needs to be equal in each scenario. This is ensured by
constraints (18) and (19).

Quitw = Qu.tw Vw,w' € 2,ueUCTP UUP  te T (18)
Yu,t,w = Yu,t,w’ Vw,w’ € _Q, (RS uC N (Z/{CHP U uEL)’ te T (19)

Please note that it can be reasonable to extend the model’s time horizon beyond
the actual planning horizon of interest in order to take storage behaviour over
several days into account. [8] and [2] identified a time horizon of five and seven
days as most fitting for their respective applications. The model can then be
applied in a rolling horizon manner. For example, if we are interested in planning
the first day in advance, we can consider seven days to account for storage
behaviour. When we plan for the second day, we move the entire time window
by one day and consider days two to eight in the model.

The model formulation can both be used for operational production planning
and as a basis for optimizing bids to electricity markets such as the day-ahead
market, as we further discuss in Section 3.

3 Bidding to Electricity Markets

DH providers have the possibility to further reduce their operational costs by
participating in the electricity markets. They can sell electricity production from
CHP units in hours with high electricity prices or they can produce heat from
electricity, e.g., through electric boilers or heat pumps, in hours with low elec-
tricity prices. To participate in the market, the DH provider has to determine
bids that are defined by bidding price (EUR/MWhe), bidding amount (MWhe)
and valid hour(s).

In general, the DH provider can use bidding methods proposed for bidding
of thermal power producers and CHP units to determine the bidding amount for
CHP units. For example, [6] and [18] base their bidding prices and amounts on
the electricity price forecasts for the next day by solving MILPs containing the
price information at certain confidence intervals. The models return the bidding
amount at the respective prices. [4] and [11] assume a pre-defined set of bidding
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prices and use a stochastic program to determine the bidding amount per unit
at each price. [7] use price scenarios to determine the bidding amount for each
scenario. The prices and amounts are used to create bidding curves. A similar
concept is used in [16], where the authors group several power production units
in a Virtual Power Plant (VPP) and bid for them to the day-ahead market and
balancing markets based on price scenarios. This concept is adapted for a DH
application in [3]. In the context of DH, [17] and [2] use the difference in oper-
ational production costs between heat-only units and CHP units to determine
the bidding price. This is also the concept that we will present here.

The above-mentioned literature focuses on hourly bids to the markets. How-
ever, in many markets it is also possible to group several hours together and bid
them jointly to the market in so-called block bids, i.e., all hours have the same
price and amount and can only be accepted or rejected in total. [10] and [9]
create blocks bid for hydro power units by creating all possible hour blocks and
determine the production amounts by optimizing the amount for different price
scenarios in a stochastic program. [21] use a similar technique for DH by using
the price difference in heat production units as basis for bidding. This concept
will also be presented in the remainder of this section.

3.1 Unit-switching prices

Since the primary goal of the DH operator is to provide the heat demand in the
network at lowest cost, we are looking at a cost-minimization problem. There-
fore, the bidding to electricity market should be based on the principle that the
participation in the electricity market is a means of cost reduction. We can apply
a risk-averse bidding strategy by ensuring that we only submit bids that would
lower our operational production costs in case they are accepted. Therefore, the
bidding prices and amounts to the electricity market should be based on the
heat production as shown in [2].

To determine the bidding prices based on the heat production setup at the
DH plant, we consider what we call unit-switching prices. The unit-switching
price is calculated between all heat-only units (™) and market-dependent units
(UCHP UUPFL). The unit-switching price is the electricity price above (for CHP
units) or below (electricity-driven units) which the heat production gets cheaper
than with the respective heat-only unit (see [2] and [21] for CHP units). Figure
1 shows unit-switching on the example of a CHP unit, an electric boiler and a
gas boiler for the Brgnderslev system. Net heat production costs, meaning costs
of producing heat minus power market revenues (in the case of a CHP unit) or
power purchase costs (in the case of an electric boiler) are plotted on the y-axis
with the corresponding electricity prices on the x-axis. The costs for the gas
boiler stay flat whereas the curves for the CHP unit and electric boiler show a
downward (upward) slope. The intersection points of these curves correspond to
the unit-switching prices.
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Fig. 1: Example of unit switching prices in Brgnderslev system.

3.2 Generating sets of possible bids

If we assume that the market-dependent units always produce at full capacity
due to efficiency reasons, the bidding amounts are fixed. This is assumption can
be made for the rather small units in DHS. Furthermore, since the prices can be
calculated based on the operational heat production costs, the set of all possible
bids to the electricity market can be generated. While generating the sets of
possible bids, hourly bids but also block bids (grouping several hours together as
one bid) can be considered. The procedure iterates through all market-dependent
units and creates bids of all valid lengths, e.g., 1 hour or minimum three hours
for block bids. The bidding amount is the capacity of the unit. Then for each
unit-switching price of this unit with all heat-only units, a bid is generated. We
refer to [21] for an extensive description of the bid generation. In case the unit
has start-up costs, those are added to the bidding price by distributing them
evenly across the bidding period.

3.3 Selection of bids to submit

Since not all possible bids can be submitted to the market due to capacity
restrictions and a limited heat demand, we need to select a subset of bids. We
can use the model presented in constraints (1) - (19) for the optimal selection of
bids for a set of electricity price scenarios given in the set (2. Let B denote the
set of all possible bids. The bids in B can be distinguished in production bids BY
for CHP units and consumption bids B¢ for electricity-consuming units. Then
the value vy, of bid b in scenario w is defined as equation (20) or (21) depending
on whether it is a producing or consuming unit, respectively, see [21] for the
original definition.
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_ Siem, Ao
Vo =4 e, Mws A pp < =R, vbe B we R (20
0, otherwise
. ZteTb At,w
v = { 0 2eren M P2 TRy oo e
, otherwise

where a; is the hourly bidding amount of the bid, T} are the time periods
of the bid and p,, is the bidding price (i.e. the unit-switching price). This means
that the value of the bid is the income from (negative values) or price on the
electricity market (positive values) in case the bid is accepted for production
and consumption bids, respectively (i.e. the bidding price was above/below the
average bidding price in the respective hours) and zero otherwise.

The following changes have to be made to the dispatch model: We add a set
of binary variables z;, € {0,1} that decide whether a bid b is selected (z; = 1) or
not (z, = 0). 2, represents a first-stage decision in the stochastic program.

The income from the electricity markets in the objective function now de-
pends on the bidding behaviour. Therefore, the original objective function (equa-
tion (1)) is changed to equation (22) using the value of the bid.

Min Z T Z Z ngu,t’w + Z CSyStffj + Z Z T Vb, b (22)

wen teT Lueld ueUC beBweNR

In case a bid b is selected, we have to ensure the bidding amount a; is
produced by the related unit u; in the hours of the bid Tp. This is modelled
by constraints (23). Finally, we have to exclude conflicting bids, i.e., bids that
would require the same unit in the same hour. All conflicting bids to a bid b are
collected in the set By, and can therefore be excluded in constraints (24).

ap2h = Quy,t,w Vb € B,t eTp,we 02 (23)
2, + 25, <1 Vb € B, by € By, (24)

Thus, the full model for minimizing the expected operational cost including bid
selection is described by equation system (25).

Min (22)
st (2) - (19) (25)
(23) — (24)

4 Demo Case

For the demo case in this chapter, we use data from a week in October 2020 in
the Brgnderslev DHS in a slightly modified version for readability. We optimize
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the daily operation for one week (i.e. 168 hours) by running the model with a
daily rolling horizon and planning period of 168 hours to account for storage
behaviour.

The system contains 12 different units here given in descending order of
operational cost (at a power price of 0 EUR/MWh): 7 small-scale CHP plants
(CHP1-CHP7) each with a heat production capacity of 3.9 MW, two combined
units of wood chip boilers with heat pumps (WCB+HP1 and WCB+HP2) each
with a heat production capacity of 11 MW, one 35 MW natural gas-fired boiler
(GB), one electric boiler (EB) producing up to 20 MW heat and one solar thermal
unit (Solar). All of the units are connected to a storage unit with a capacity of
360 MWh. From the storage unit, three demand sites with at total of approx.
4800 customers can be supplied with heat.

Demand [MWh]
Price [EUR/MWh]

0 20 40 60 80 100 120 140 160 o 20 a0 60 80 100 120 140 160
Time period Time period

(a) Heat demand at the three demand sites (b) Electricity price scenarios

Max output [MWh]

o 20 40 60 80 00 120 140 160
Time period

(c) Solar thermal production scenarios

Fig. 2: Input data for the week in October 2020 (hourly scale)

The heat demand at the three demand sites assumed to be known and dis-
played in Figure 2a. The series follows a typical pattern with peaks in the morn-
ing and evening. We use five scenarios that contain the uncertain information
about day-ahead market electricity prices and solar thermal production. The
scenario data is depicted in Figures 2b and 2c, respectively. For the following
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experiments, we assume that electricity can be sold on the day-ahead market
using block bids with a minimum length of two hours. The heat pumps buy
electricity at a fixed electricity price, while the electric boiler uses consumption
bids to the day-ahead market.

4.1 Optimal dispatch without electricity market

Figure 3 shows the optimal production schedule for the real realization of the
electricity prices and solar production when no income and buying from the
electricity market is considered. To accomplish that, we have solved the stochas-
tic program in Section 2 with five scenarios without the possibility of selling
and buying on the day-ahead market. Afterwards, the dispatch of the units con-
nected to the market is applied to the real prices and solar production. The heat
production of the different heat generation units is displayed as an area chart.

We can see that heat generation from the gas boiler follows the demand
curve most of the time. Solar heat supplies heat in the periods it is available.
The mismatch between solar heat generation and heat demand is covered by
heat storage.

— — Storage level

—— Demand
s GB
W Solar

Heat [MWh]

Storage level [MWh]

(T

0O OVWNST O TOoOOUNOWT O WOVN®
HHANMM S SN O NOOOODOOANNMMSST NN OO
L e B B B I B B B e I B |

Time period

Fig. 3: Baseline dispatch without market participation for the week in October
2020

4.2 Optimal dispatch including block bidding.

In order to generate a set of possible bids to choose from (Sect. 3.1), unit-
switching prices the CHP units and the other heat generation units have to be
computed. The corresponding values are shown in Table 2.
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Unit Electric boiler Gas boiler WCB+HP  Solar

Switching price [EUR/MWHh] 21.54 45.16 9.15 113.88

Table 2: Unit-switching prices between CHP units and the other heat producers
in the Brgnderslev system.

Figure 4 shows the heat dispatch when block bidding from CHP units and
the electric boiler is included. In comparison to the baseline without block bid-
ding (Fig. 3), mainly heat production from the gas boiler is replaced as power

prices during the week of interest often exceed the unit-switching price of 45.16
EUR/MWh.

Storage level

Demand
EB
GB
CHP7
CHP6
CHP5
CHP4
CHP3
CHP2
CHP1
Solar

Heat [MWh]
InRinnnnnn|

Storage level [MWh]

III| I !|
©
=)

o
o

- 84

Time period

Fig. 4: Heat dispatch for the week in October 2020

The heat production corresponds to the co-generation of power (Fig. 5) from
the seven CHP units in the hours where bids are won. Since power production
is more economically viable during hours of high market prices, power produc-
tion, and correspondingly heat production, does not follow heat demand. This
mismatch between demand and supply is larger than previously (Fig. 3) and
is compensated by the system’s heat storage. Furthermore, the electric boiler
consumes electricity some hours with low market prices (Fig. 6).
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Fig. 5: Electricity production for the week in October 2020
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Fig. 6: Electricity consumption for the week in October 2020
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