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Energy vectors (E: energy, G: gas, H: heat)

Clients
Clients per busn

ADMM iteration

Buses/nodes of electricity, gas, and heat networks

Flexible resources

Time intervals

Capacity of thermal buildings (J/kg.°C)
Specific heat of water (kWh/°C)
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Gas energy bid calculated by the DA tool (MWh)

WP2

Lines/pipelines from bus m to bus n for electricity, gas, and heat
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Executive Summary

This report follows deliverable D2.5 “Day-ahead and real-time optimization tools to support MES
aggregators”, a software that consists of the day-ahead and real-time optimization tools to support
MES aggregators, which has been developed within task T2.5 of the ATTEST project.
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1. Introduction

This report presents the algorithms developed under the framework of task T2.5 “Day-ahead and real-
time optimization tools to support multi-energy system (MES) aggregators”. The optimization tools
developed will support the participation of MES aggregators in energy and ancillary services markets.
Optimization tools for day-ahead (DA) and real-time (RT) were developed. The day-ahead optimization
tool defines bids for the electricity and gas energy markets and bids for electricity ancillary services
markets. The real-time management algorithm dispatches the operation of the MES and ensures the
reliable delivery of the energy and ancillary services traded by the aggregator in the day-ahead markets.
Both day-ahead and real time approaches include steady state modelling of the electricity, district
heating and gas networks so that day-ahead bids and actual realizations are technically feasible. This
task will feed the electricity market simulation platform (described in task T2.6) with day-ahead and
real-time market behaviours of MES aggregators.
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2. Description of the tools

The tools presented in this document are optimization tools to support the participation of MES
aggregators in energy and ancillary services day-ahead and real-time markets.

The aggregator participates in the electricity energy and secondary reserve markets and in the gas
energy market. The tertiary markets usually have significantly lower activation ratios and thus, it was
not considered in these tools.

The optimization tools are divided into day-ahead and real-time approaches. The day-ahead
optimization tool defines bids for the energy and ancillary services markets. The real-time management
algorithm dispatches the operation of the MES and ensures the reliable delivery of the energy and
ancillary services traded by the aggregator in the day-ahead markets.

Both day-ahead and real time approaches include steady state modelling of the electricity, district
heating and gas networks so that day-ahead bids and actual realizations are technically feasible. This
task will feed the electricity market simulation platform (described in task T2.6) with day-ahead and
real-time market behaviors of MES aggregators.

The aggregator has the purpose of minimizing costs in the participation in the energy markets while
fulfilling the energy needs of its customers. It is thus able to exploit the flexibility offered by their
resources including PV systems, storage systems and thermal loads, by controlling electric heaters
installed in the buildings and in the district heating network.

The aggregator optimizes the market bids and then negotiates with the distribution system operator
(DSO) of the electricity, gas and district heating networks in order to compute network-secure energy
and secondary reserve bids from the distribution networks’ perspective. When the negotiation is
concluded, the final bids calculated by the aggregator are offered in the respective markets.

The real-time tool is a hierarchical model predictive control that dispatches the flexible resources and
delivers the energy and secondary reserve considering the DA bids.

The aggregator acts as a price taker by submitting non-priced demand and supply bids to the day-ahead
electricity and gas energy market. Aggregators communicate with his customers through home energy
management system (HEMS) [1].

Thus, these tools are able to optimize the aggregator’s bids considering its role within the day-ahead
and real-time energy markets and the contracts with his clients while making them network-secure. A
scheme of the operational model for the day-ahead and real-time tools are presented in Figure 1 and
Figure 2 - Real-time tool scheme. It is possible to observe that the inputs necessary to run the model
are energy prices from electricity and gas markets, technical constraints from buildings, power, gas and
heat networks and weather forecasts. The outputs of the optimization are electricity and gas market
bids per hour per bus. The inputs and outputs of these tools are described in detail in Chapter 0. A more
detailed description of this model is presented in Chapters 0, 0 and 0.
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Inputs:
Energy prices:
Day-ahead electricity energy prices (€/MWh)
Day-ahead secondary band prices (€/MW)
Day-ahead secondary activation prices (€/MWh)
Day-ahead secondary activation ratio (%)
Day-ahead gas energy prices (€/MWh)

UAWN R

Technical constraints:

1. Buildings/Prosumers

2.  Electricity network

3. Gasnetwork

4. Distric heating network

Weather forecasts:
1. Solar profile
2. Outside temperature

Inputs:
Energy prices:
Real-time energy prices
Real time energy imbalance prices
Real-time seondary activation prices
Secondary imbalance penalty
Real-time secondary ratios
Gas imbalance prices

oA WNE

Technical constraints:

1. Buildings/Prosumers

2. Electricity network

3. Gas network

4. Distric heating network

Weather forecasts:
1. Solar profile
2. Outside temperature

Day-ahead bids:

1. Electricity energy bids
2. Secondary band bids
3. Gasenergy bids

]

Model

Cost minimization

Buying:
1. Electricity
2. Gas

Selling:
1. Electricity to the network
2. Secondary band

Taking into account:

1. Energy prices

2. Technical constraints
3. Weather constraints

FIGURE 1 — DAY-AHEAD TOOL SCHEME

]

Model

Cost minimization

Buying:
1. Electricity
2. Gas

Selling:
1.  Electricity to the network
2. Secondary band

Taking into account:

1. Energy prices

2. Technical constraints
3. Weather constraints
4. Day-ahed bids

FIGURE 2 - REAL-TIME TOOL SCHEME

=

Outputs

Outputs:
Day-ahead energy bid
(per hour, per bus)
Day-ahead secondary upward
band (per hour, per bus)
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Day-ahead secondary downward

band (per hour, per bus)
Day-ahead gas bid
(per hour, per bus)

Day-ahead

Demand

DUpward band (U4)
® Downward band (p4)
Energy (E4)

=

Outputs

Outputs:

Electricity consumption/supply

(per hour, per bus)

Upward and downward activated
secondary reserves (per hour,

per bus)

Gas consumption (per hour, per

bus

Real-time

Demand

Net load

OUpward band (4)
B Downward band (p4)
Energy (E4)
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3. Inputs and outputs

In this chapter, the inputs necessary to run the tools developed and their outputs are presented. The
input and outputs data format is in Excel (x/sx) format. Annex | includes the information about the Excel
files with examples of input and output data.

3.1. Inputs

The inputs of the day-ahead and real-time tools are presented in the following tables. They incorporate
the parameters of the buildings and consumers, electrical, gas and heat network parameters and also
weather forecasts. In the case of the real-time tool the inputs of the accepted bids in the DA market
are also necessary.

The parameters necessary to model the loads, buildings or resources are the constraints of the
electrical heaters, gas heaters, PV systems, storage systems, district heating connection, gas load
thermal model characteristics and energy consumption.

TABLE 1 — BUILDING PARAMTERS

LOAD/BUILDING/RESOURCE

Installed 0-no, 1-vyes
Electrical heater Maximum power kw
Efficiency/COP -
Installed 0-no, 1-vyes
Gas heater Maximum power kw
Efficiency/COP -
Installed 0-no, 1-vyes
PV
Maximum power kW
Installed 0-no,1-vyes
Maximum power kw
Maximum SOC kWh
Storage —
Mininum SOC kWh
Initial SOC kWh
Efficiency -
o . Installed 0-no, 1-vyes
District heating -
Maximum power kW
Gas Load 0-no, 1-vyes
Resistance °C /kwW
o Capacity kwh/°C
Thermal model building —
Initial temperature °C
Maximum and mininum temperature per hour °C
Electricity consumption kWh
Energy consumption Gas consumption kWh
Heat consumption kWh

The parameters of the electrical network are branch and buses parameters and the power system base.
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TABLE 2 - ELECTRICAL NETWORK PARAMETERS

Electrical network

Parameter Unit
Branch connections -
R Q
Branches X q
Branch limits A
Voltage limits p.u.
Reference bus number -
Buses
Reference bus voltage p.u.
Load/building/resource connections -
System base MVA

The parameters of the gas network are pipeline and buses parameters.

TABLE 3 - GAS NETWORK PARAMETERS

Gas network

Parameter Unit

Pipeline connections -

Pipeline Length m
Diameter mm
Pressure limit Bar

Buses Reference bus number -

Load/building/resource connections -

The parameters of the heat network are related with the loads, generators, pipelines and buses. The
extreme buses and middle buses location indicate the buses that are on the extremes of the network
and have heat loads and the middle buses are the buses that are on the middle of the network and
have heat loads.
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TABLE 4 - HEAT NETWORK PARAMETERS

Heat network

Parameter Unit
Load Location -
Return temperature °C
Type w—;l_egc;rsicity
Electrical, gas and heat bus connection -
Generator Supply node temperature °C
Power limits kw
Efficiency/COP -
Connections -
Length m
Diameter mm
Heat transfer coefficient W/°C
Pipeline Supply pipeline temperature limits °C
Return pipeline temperature limits °C
Pipeline mass flow limits kg/s
Ambient temperature °C
Friction of pipeline
Supply bus temperature limits °C
Buses Return bus temperature limits °C
Pressure limits Pa

Load/building/resource connections -

The weather inputs are the forecasted solar profile and outside temperature.

TABLE 5 - WEATHER PARAMETERS

Weather
Parameter Unit
Solar profile %
Outside temperature °C

The input prices for the day-ahead tool are the electricity and gas day-ahead markets and electricity

secondary reserve markets. It is also necessary the forecasted activation ratios of the secondary
reserves.

TABLE 6 - PRICES FOR DAY-AHEAD TOOL

Prices — Day-ahead tool

Parameter Unit
Day-ahead energy prices €/MWh
Secondary reserve day-ahead energy prices
Electricity — upward and downward €/Mwh

Secondary reserve ratios
—upward and downward

Gas Day-ahead energy prices €/MWh

%
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The inputs prices for the real-time tool are the real-time energy prices, energy imbalance prices,
secondary reserve activation prices, secondary reserve imbalance penalties, secondary reserve

activation ratios and gas imbalance prices.

TABLE 7 - PRICES FOR REAL-TIME TOOL

Prices — Real-time tool

Parameter Unit
Real-time energy prices €/MWh
Real-time ehgrgy |mba|an§es prices £/MWh
— positive and negative
Realt — .
Electricity eal-time secondary reserve activation prices £/MWh
—upward and downward
Secondary reserve imbalance penalty €/MWh
Real-time secondary reserve ratios o
%
—upward and downward
Gas Gas imbalance prices £/Mwh

— positive and negative

For the real-time tool it is necessary to have the day-ahead electricity energy and secondary reserve
band bids as well as the gas energy bids offered in the markets as inputs. It is also necessary to have

the automatic gain control (AGC) signal.

TABLE 8 - DAY-AHEAD BIDS FOR REAL-TIME TOOL

Day-ahead bids — Real-time tool

Parameter Unit
Day-ahead energy bids MWh
Electricity Day-ahead secondary reserve band bids
MW
— upward and downward
Gas Day-ahead energy bids MWh
AGC AGC signal MWh
3.2. Outputs

The outputs of the day-ahead tool are the electricity and gas market bids per hour per bus.

TABLE 9 - OUTPUTS OF THE DAY-AHEAD TOOL

Energy bids — Day-ahead tool

Parameter Unit
Energy bid . MWh
(per hour, per electrical bus)
Electricity Upward secondary reserve band bid MW
(per hour, per electrical bus)
Downward secondary reserve band bid
. MW
(per hour, per electrical bus)
Gas Energy bid MWh

(per hour, per gas node)
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The outputs of the real-time tool are the electricity energy consumption/supply, activated secondary

reserves and gas energy consumption.

TABLE 10 - OUTPUTS OF THE REAL-TIME TOOL

Energy consumption — Real-time tool

Parameter Unit
= .
nergy consumonn/suppIy MWh
(per hour, per electrical bus)
Electricity Activated secondary upward reserve MW
(per hour, per electrical bus)
Activated secondary downward reserve MW
(per hour, per electrical bus)
Gas Energy consumption MWh

(per hour, per node bus)
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4. Methodology

4.1. General description

The tools developed in this work have the objective of minimizing aggregator’s costs in
participating in day-ahead and real-time energy markets while taking into account network constraints.

In order to optimize aggregator’s bids and consider energy network constraints, a decentralized
approach based on the alternating direction method of multipliers (ADMM) was developed (Figure 3).
The aggregators negotiate with the DSOs of each of the energy networks and obtain solutions that
satisfy the consumption scenarios and network constraints. This approach takes the optimization
problem into sub-problems and solves each one of them separately and iteratively until it reaches
convergence. The final bids calculated by the ADMM in the day-ahead tool are submitted to the day-
ahead markets and the final net load and reserves activated are dispatched in real-time. Section 4.2
provides more details of the strategy ADMM approach.

Electricity
i DSO
z’,_-.‘----

l/ 12and3

]
1
),
L T P .

i Prosumers i

FIGURE 3 - ADMM ALGORITHM

In the day-ahead tool, the aggregator runs its algorithm for 24h in order to calculate the day-ahead
bids and negotiates with each energy DSOs, following the ADMM approach. Each DSO runs the
respective energy flow for each hour of the day. Then, they continue negotiating energy delivery
scenarios until convergence is reached. The final bids calculated by the aggregator are submitted to the
day-ahead markets.

In the real-time tool, the aggregator has two levels: a deterministic optimization level and a
controller level (Figure 4). In the deterministic optimization level, the aggregator runs its algorithm for
the next hour in order to define the operating points and upward and downward secondary reserve
bands of the aggregator. Following the ADMM approach, it negotiates with the respective energy DSOs
in order to make the energy scenarios feasible until convergence is reached. Then, the controller of the
second level adjusts the operating points considering the ones calculated at level 1 for that hour and
the AGC signal, which is run each 10 seconds.
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Sequential steps of the hierarchical MPC I Timeline of the hierarchical MPC

@ | Level 1: deterministic

I
I
timizati ADMM
optimization ( ) I e
3 I
I {1 l | Iy
| A ] | ™
(@) Level 2: controller @ - | 1 24h
I
I
= [ evel 2: cycles of 10 seconds Level 1: cycles of 1 hour

(D Prosumers information (2) AGC set-point (@ Control set-points

3) Operating points and bands of the aggregator and flexible resources

FIGURE 4 - AGGREGATOR REAL-TIME HIERARCHICAL CONTROL [2]

Prosumer’s in this tool can be modelled with the following characteristics:

e Connection with the electrical, gas and heat networks;
e Electrical, gas and heat inflexible loads;

e Thermal loads;

e Electrical or gas heaters (boilers, heat pumps, etc);

e Storage systems;

e PVsystems

The aggregator optimizes these resources while satisfying the prosumers’ energy needs. The
interactions are made through a HEMS. The electrical heaters connected to buildings with thermal loads
or to the district heating are sources of demand flexibility, storage systems are sources of demand and
generation flexibility and PV systems are sources of generation flexibility. A source of demand flexibility
means that the resource is able to decrease or increase consumption and a source of generation
flexibility means that the resource is able to decrease or increase generation. The prosumers with
thermal loads modeled have to define their temperature range setpoints for each hour. The
optimization constraints of the aggregator and prosumers for the day-ahead and real-time are detailed
in Chapter 0.

System operator

1
1 1
I 7 :
1 1 1
1 1 1
1 ¥ A2
End-user Flexible assets Inflexible loads

o’ E‘,j J il -

@ﬁ?‘ 8 — =

» Temperature of spaces « Storage systems « Electricity, gas and heat

* PV systems
* Thermal loads

FIGURE 5 - FLOW OF INFORMATION BETWEEN AGGREGATOR AND PROSUMERS (ADAPTED FROM [1])
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In order to evaluate their network feasibility, the electricity DSO runs an alternating-current
optimal power flow (AC OPF), the gas DSO runs a non-linear steady-state gas flow and the heat DSO
runs a non-linear heat flow, including hydraulic and thermal modelling of the network. The constraints
of electrical, gas and heat flow are presented in Chapter O.

The energy scenarios represent the energy consumption in the respective period when reserves
are not activated, the upward scenarios represent the energy consumption when upward reserves are
activated and downward scenarios represent energy consumption when downward reserves are
activated. The electricity DSO runs downward and upward scenarios, the gas DSO runs an energy
scenario and the heat DSO runs an energy, downward and upward scenarios.

The tools were implemented in Python 3.7 and this is a requirement to run them. The aggregator
problem is solved by mixed-integer linear programming algorithm of the IBM CPLEX v12.9.0 optimizer,
which requires a license, and the electricity, gas and heat flows are solved by non-linear programming
algorithm of the /IPOPT v3.11.1 optimizer.

4.2. Network-constrained bidding optimization strategy

This section describes the optimization strategy developed in this work.

The optimization problem can be represented by (1)-(13). The objective function of the aggregator
is represented by f and its internal inputs by X,. The energy exchange scenarios between the
aggregator and the operators of each energy network are represented by P,. The constraint functions
of the aggregator is represented by (2). The constraints function of the DSOs are represented by (3)
and Y represents their internal inputs. Variables P are duplicates of the variable P, so that each
aggregator have the energy exchanged into account. Constraint (4) enforces the same value of the
duplicate variables to enable the decomposition of the optimization problem [3].

min Z £u(Pu X2) (1)
aceA

hy(P,X,) <0, Va€EA 2)

g(PY)<o (3)

P-P=0 (4)

The ADMM algorithm is used to decompose the optimization problem into aggregator and
electrical, gas and heat DSOs problems. The bidding problem of the aggregator is presented in (5) and

(6).
P®D = min £.(P,, X,) + Z £4p, B,%, 700y (5)

de{E,G,H}

ha(Py Xq) <0 (6)

The optimization problem of each energy DSO is represented in (7) and (8).

pak+1) — min Ld(Pd,(k+1)’pd,n.d,k) (7)

g(PLy?) <0 (8)

L is the penalty term of the augmented Lagrangian applied to the equality constraint (9), where
is a vector with dual variables and p is the penalty of the augmented Lagrangian.

L pmy =n"(P—P)+2|P - P[] (©)
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The dual variables pi are updated following equation (10).
n.(k+1) — T[(k) + p(P(k+1) _ p(k+1)) (10)
The penalty term p can be modified at each iteration to accelerate the convergence of the

algorithm. The update in the day-ahead tool is described in equation (11). Auxiliary variable count
starts at 0 and is incremented by 1 each time the algorithm does not satisfy the restrictions k > 0 A
RP < 0.05 A count > 5.

0.05,if k = 0
pktt =12.pif k>0 A R? < 0.05A count =5 (11)
p¥, otherwise

The update in the real-time tool is described in equation (12). Auxiliary variable count starts at O
and is incremented by 1 each time the algorithm does not satisfy the restrictions k > 0 A count = 5.

0.01,if k=0
pktl ={p*+0.1,if k>0 Acount =5 (12)
p¥, otherwise

The primal and dual criteria are calculated by (13) and (14), where the primal residual represents
the violation of constraint (4) and the dual residual represents the violation of the Karush-Kuhn-Tucker
stationarity constraint. The convergence is reached when the scaled 2-norm of both residuals are

smaller than 0.05.

RP(k+1) _ ((P1k+1 — Pk+1), (p+1 — p1), )T
RPU+D) = (p(PR+1 — pE), p(P+t — pl+1), )T

The ADMM algorithm, as illustrated in Figure 3, is the following:

TABLE 11 - ADMM ALGORITHM

Algorithm 1: ADMM algorithm
Aggregator optimizes his bids by holding P¥, r* constant at k" values. Values of P are obtained;
Pak+1 gk qnstant and obtain the values of P4,

1.
2. DSOs solve their problem by holding
Electrical DSO runs AC OPF for upward and downward scenarios;

2.1.
2.2. Gas DSO runs non-linear steady state gas flow for upward and downward scenarios;
2.3. Heat DSO runs non-linear heat flow for energy, upward and downward scenarios;

Calculate primal residual RPand dual residual RPthrough (13) and (14):
3.1. If RP,RP<0.05:
3.1.1. Save bids and stop algorithm;

3.2. Else:
3.2.1. Update m through (10);
3.2.2. Calculate new p through (12) or (13);

3.2.3. Backtostep 1.
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5. Aggregator optimization problem

In this chapter, the constraints of the aggregator problem are presented. The model for the day-
ahead and real-time tool only differ in the objective function and certain market constraints which are
presented below. The day-ahead bidding constraints, the bid delivery constraints and thermal, PV and
storage systems constraints are the same for both tools.

5.1. Objective function and market constraints

5.1.1.Day-ahead

The objective of the optimization problem is to minimize the net cost of the aggregator of trading
electricity in the energy and secondary reserve market and buying gas in the gas market as in equation
(15) and (16). In (16), the first term is the net cost of buying or selling energy in the day-ahead market,
the second term is the revenue of selling band in the reserve market and the third term is the revenue
of mobilizing band in the secondary reserve market [1].

min Z fi + Z Z L2, (15)
teT de{E,G,H} neNd
fe = QEPPA + 2 PE)AL — AF(UP4 + DP4) + (AP 6P DPA — A 6/ UP4) At (16)

Constraint (17) defines that the secondary reserve band must be 2/3 for the upward band and 1/3

for the downward band, according to a rule from the Iberian Electricity Market (MIBEL) [1].
UPA=2.DPAVteT (17)
PPA=PENVLET (18)

DP4 =DEVteT (19)

UPA = UEVLET (20)

Equation (21) defines the penalty term of the augmented Lagrangian. It penalizes deviations from
the networks optimization flows.

£do =nd, O(pd - PE) +2(PE, — B,) (21)

The energy and band bids have the duration of 1h At.
5.1.2.Real-time
5.1.2.1. Level 1: Deterministic optimization model

The objective of the optimization problem is to minimize the net cost of the aggregator of
dispatching electricity traded in the day-ahead market and gas in the gas energy market, as in equation
(22) and (23). In (23), the first term is the net cost of buying or selling energy in the RT market, the
second term is the imbalance costs between DA electricity market commitments and RT deliveries, the
third term is the costs of mobilizing downward and upward reserves, the fourth term is the penalty for
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band not supplied and the fifth term is the imbalance costs between DA gas market commitments and
RT gas delivery [2].

min Z fi + Z Z L£a, (22)
teT de{E,G,H} neNd
f, = AEPERT 4 (if'_APtE'_ _ jf'+APtE'+) + (AA? 6PDRT — ig’étUUfT)At + 227 (AU, + AD,)At (23)

+(A77ARST - 1T ARTY)

The imbalances between DA and RT electricity energy bids are presented in constraint (24). If
energy imbalances are present, the aggregator cannot provide reserves, as seen in constraints (25) and
(26), where @, is an auxiliary binary variable and M a big number. Constraints (27) and (28) define the
upward and downward bands not supplied. Constraint (29) defines that the secondary reserve band
must be 2/3 for the upward band and 1/3 for the downward band. Contraint (30) defines the gas
imbalances in relation to the DA bids. Constraint (31) defines that DfT, UfT, AD,, AU;, APtE’_ and APtE'+

are positive. PfT is negative for generation and positive for net consumption. It is important to note

that in the real-time tool, P?A, U?A and D?A are inputs of the model.
APtE'_ _ APtE'+ — PtE'RT _ PtE'DA,V teT (24)
APF” + APF < (1—@)M,VLET (25)
DET + URT < ¢, (DP4 + UPA),VtET (26)
AD,=DPA—-DFT,vteT (27)
AU, =UPA—-UFT vteT (28)
URT =2.DFT,vteT (29)
AP~ — AP+ = pSRT — PSPyt eT (30)
DET,URT, AD,, AU, APE ™, APE* > 0,vt €T (31)
PERT =pPEvteT (32)
DRT =DE,VtET (33)
URT =UE,VteT (34)
PSR =pS VteT (35)

Equation (31) defines the penalty term of the augmented Lagrangian. It penalizes deviations from
the networks’ optimization flows.

) - SN2
Lg,t = ”g,t Pr(Li,t - Pr(li,t) + § (Pr(li,t - Pr(li,t) (36)
The energy and band bids have the duration of 1h At.
5.1.2.2. Level 2: Controller

The controller of the aggregator tracks the AGC signal and adjusts the operating points of the
resources. The objective is to make the operating point of the aggregator equal to the AGC signal [2].
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The new operating point is presented in constraints (37). The parameters Ul-’l’t/U{"Tand
D}ft/Ddeefine the contribution of each resource to the AGC signal. Y, represents the power of the
AGC, considering the operating points defined at level 1 and it is present in equation (38).

Pl + min(y (Ule/UET), UL, n > 0 APREC 2 PET
Pip = § Pl = min(y(Die/DET), DY), Y > O A PREC < P,
Pl =0
Vv e {PV,EH,EH — DH,sto},i € I
min(P; ¢ — PET, UET), URT + DRT > 0 A PS¢ = PfT
W = min(PE" — P, DFT), URT + DRT > 0 A PC¢ < PET (38)
0,Uf" +DFT =0

(37)

5.2. Bidding constraints

Constraints (39)-(42) define the electrical and gas energy, upward and downward day-ahead bids
or real-time commitments of the aggregator. Uf and Df take into account the reserves from storage
systems, PV systems, electrical heaters connected to the buildings and electrical heaters connected to
the district heating [3].

PE =Y, cnvEPE:, VEET (39)
Pf =Y, encPS;, VEET (40)
UE = Ye, (U + U + UF + UFH-PH), vneNEteT (41)
DE =Y e, (Df° + DFY + DFF + Dff™P"), vneNEteT (42)

5.3. Delivery scenarios constraints

Delivery scenarios define possible exchanges of power between aggregators’ clients and energy
networks. The scenarios exchanged are for the upward P,'{,{E and downward P,ff,t‘EeIectricity scenarios,
gas energy scenarios Pf{"’t and energy P,’Zt, upward P,Z{H and downward P,?{H heat scenarios [3].

The electrical bid P,’it (43) results from the sum of the energy consumed by the inflexible electrical
load, the electrical heaters directly connected to the buildings, the electrical heaters of the district
heating and the electrical storage system; and the energy generated by the electrical storage system
and the PV system.

Pry=Yie (Pl + P = PR + P — P+ PP, teT (43)

The gas bid Pff_t (44) results from the sum of the energy consumed by the gas loads of the
buildings, the gas heaters connected to the buildings and the gas heaters connected to the district
heating.

Pre = Zjep(Pli ™ + B + PP yn t €T 4

The heat bid P,f{t (45) results from the sum of the energy consumed by the inflexible heating load,
the heating power consumed by the buildings connected to the district heating and the energy
generated by the electrical or gas heaters connected to the district heating.
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Pl =Y e (Pl + PO — PFFPH i — PEH-PHE n¢M) v teT (45)

The upward band P,’l],{E (46) defines the flexibility of electric heaters connected to the buildings,
electric heaters connected to the district heating and storage system to decrease load and storage
system and PV systems to increase generation.

PYrE =PE =Yg, (U + UFY + U + UFFPH), vneNEteT (46)

The downward band P,gt_E (47) defines the flexibility of electric heaters connected to the
buildings, electric heaters connected to the district heating and storage systems to increase load and
storage systems and PV systems to decrease generation.

PP7E = PE + Xje;, (DS + DY + DFY + Dff™PH), vneNE teT (47)

The upward band P,ll’,t_H (48) defines the flexibility of the heating loads and electric heaters
connected to the district heating to decrease load.

PYTH =Pl — %, (UPH + UFEPH 9f"), vneNt teT (48)
The downward band P,?{H (49) defines the flexibility of the heating loads and electric heaters
connected to the district heating to increase load.

PPrH =Pl —Yic; (DR + DFFPH "), vneNt teT (49)

5.4. Thermal system constraints

5.4.1.Building heaters

The electrical or gas heaters directly connected to the buildings are defined by equations (50)-
(62). Equation (50) and (51) define the minimum and maximum limits of the electric and gas heaters.
The electric or gas heater consumption of buildings with inflexible heating load is defined by equation
(52); buildings with flexible load are defined by equations (53)-(62). Equations (53)-(58) define the
thermal models of the buildings with electric or gas heaters. Equation (59)-(61) define the downward
and upward bands of the electric heaters. Equation (62) defines the value of § [4].

PEH < PEH <PEF, v jE], teT (50)
PO < PSH <PSH, Vj€j, teT (51)
PE. nf + PEH S = PILTH, v je]™, teT (52)
9}€t+1 = ﬁj‘gﬁt + (1 - ﬁj)[gj'(,)t + R}'(n?HPj.EtH + nquPj?tH)] + 19n.j.t' Vj€eJ, teT (53)
0;<0F,, <0, VjE] teO; (54)
Ofcr1 = B0 + (L= B)[6f + R (P — UF{)] + Opjr VjEJ, tET (55)
0; <6/, <0;, Vj€EJ tEQ, (56)
61'1.)“1 = ﬁjgj'[,)t + (1 - ﬁj)[gjt,)t + R}"’JEH(PJ'.EtH + DJEtH)] + ﬁn.j.t' Vj€J] teT (57)
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0;<0P,<0;, V€] teQ; (58)
DFf <P — P, v jej, teT (59)
U < P =P, vje] teT (60)
DU 20, Vj€], t€T (61)
1 (62)

5.4.2.District heating

The power consumed by the buildings connected to the district heating are defined by equation
(63)-(71). Equation (63) defines the minimum and maximum limits of the power consumed by load from
the district heating. The load consumption of the buildings with inflexible heating load is defined by
equation (64); buildings with flexible load are defined by equations (65)-(71). Equations (65)-(68) define
the thermal models of the buildings connected with the district heating. Equation (69)-(71) define the
downward and upward bands.

P <PPF <PPF, v jej teT (63)
PR =P, vje]™, teT (64)
6’1'[.]t+1 = ﬁjeﬁt + (1 - ﬁj)[ej(.)t + Rj(le,)tH - Ujl.)tH ] + ’9n.j.f' Vj€J teT (65)
0; <6/, <0;, Vj€E] tEQ; (66)
6fers = Bi6f + (1= B)[67: + Ry (PR + DJ)| + nje V j€J, tET (©7)
0; <0l <0, VjE] teO; (68)
DPH <PPH— PP, v je], teT (69)
upf < PP —PPY, vjeJ, terT (70)
D UPH = O,Tj €J, teT (71)

5.4.3.PV system constraints

Equation (72) defines the power generated by a PV. Prjlftv is the forecasted PV generation.

Equation (73) defines the curtailment limits of the PV system. Equation (74) and (75) define the upward
and downward band limits [1].

PF/ = PrfY —P, VvV jE], teT (72)
0<spPyY<Prf/, v jej teT (73)
0<UY <P{ Vv j€EJ teT (74)
0<Dfy <pPrfy —PY, Vv je] teT (75)

5.4.4.Storage system constraints

The operation of storage units installed is defined by constraints (76)-(84). Equation (76) defines
the SOC of the storage system. Equation (77) represents the storage limit capacity. Equations (78) and
(79) set the range for charging and discharging power. Equation (80) sets the SOC of the battery for the
first hour.

Py,
S0C; 41 = SOC;, + (P,Tm} - n%) At,V jE]J, t€T (76)
J
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S0C; < 50Cj41 <SOC;, YV jEJ, t€T (77)
0<P,<P, Vj€J, teT (78)
0<Ph<PB¥, VvV jej, teT (79)
S0C;_, = SOCF, Vj€] (80)

The upward and downward bands provided by the batteries are defined by equations (81)-(84).
Constraints (81) and (82) limit the downward Dﬁ,f" and upward U]S,fo bands to the available charging

and discharging powers, respectively. Constraints (83) and (84) guarantee that the EV only supply
upward and downward bands if the SOC is within the minimum and maximum SOC;.

0< D’ <P —P, Vj€J t €T (81)

0S U <Pt —P7, Vj€], teTH (82)
S0C; — SOC;

usto,psto < LIy jej, teTste (83)
(S0Gj 41 — SOC))n; .

Uit Dy < ———¢ V€] teTy (84)

5.4.5.Electric and gas heaters

Equation (85) and (86) define the limits of the electric and gas heaters connected to the district
heating. Equations (87)-(89) define the downward and upward band limits of the electric heaters.

ijy‘tH—DH < lej,“H_DH < P]_E‘?LLI-I—DH’ \"4 ] E], teT

(85)
PﬁtH—DH < P]_’GtH—DH < Pj(?‘tHi—DH’ VjiEeJ] teT
gt (86)
DEH-PH < Pfty——mq_ PEH-PH v je], teT (87)
UftH—DH < PjI,E‘tH—DH _ le’i'tH—DH’ Vj€EJ teT (88)
DFPH UFI=PH >0, VjeJ, teT (89)
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6. Energy networks subproblems

6.1. Electricity network

6.1.1.Time horizon

The optimisation problem is decomposed by time-step t € T In the next subsections, we drop the
subscripts of time t € T to increase readability.

6.1.2.0bjective function

The optimisation model minimizes the augmented Lagrangian penalty (90). In this case, P is a
parameter and P is a free variable.

min ) [mE(PF - BE) + 5 (BF - BF)’] (90)
nenNk
6.1.3.MV network constraints

The AC OPF is modelled using the branch flow formulation in the non-convex form and is defined
by equations (91)-(94) [5].

sE
PnlfL,n = I;_g + Zi:n—»i Prll:,i + rm,n’gm,nr (mr n) € LE (91)
eril,n = erz + Zi:n—»i Q‘II‘:l + xm,n{)m,n' (m' Tl) eLf (92)
Un = VUnm — Z(Tm,nprlri,n + xm,nQﬁl,n) + (rr?l,n + xrzn,n)fm,n: (mn) € LF (93)
2 2
1?m,an = slft,m,n + Qf,t,m,n , V(mmn) e LF (94)

Equation (95) and (96) set the voltage and current magnitude limits.

v <V, <7, Vn€ENE (95)

0<lmn<tmn V(mn)elLE (96)

6.2. Gas network

6.2.1.Time horizon

The optimisation problem is decomposed by time-step t € T. In the next subsections, we drop the
subscripts of time t € T to increase readability.

6.2.2.0bjective function

The optimisation model minimizes the augmented Lagrangian penalty (97). In this case, P is a
parameter and P is a free variable.

min " [ (pf - BE)+2 (B¢ - B)’] (97)

nenG

6.2.3.Network constraints

Equation (98) and (99) limit the gas production and the nodal pressure.
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PY<PY<P; Vi €NS (98)
p/ <p! <p],vi €N (99)

The gas balance of each node is presented in the equation (100) and it takes into account the gas
generation and consumption and the gas that goes in and out from the pipes connected to that node
[6].

Pt = B + Znem @it — Znem G = 0,¥ m,n € N6, (m,n) € B (100)

For the steady-state case, the mass flow is assumed as constant in space. This means that the gas
flowing into the pipe is equal to the gas flowing out of the pipe. Equation (101) defines the general
steady-state general gas flow equation and can be determined by the incremental pressure between
two end nodes of the pipeline [6].

SGN(Gmn )4, = K22 — PR), Y m,n € N%, (m,n) € B¢ (101)

6.3. Heat network

6.3.1.Time horizon

The optimisation problem is decomposed by time-step t € T. In the next subsections, we drop the
subscripts of time t € T to increase readability.

6.3.2.0bjective function

The optimisation model minimizes the augmented Lagrangian penalty (102). In this case, P is a
parameter and P is a free variable.

min " [l (Bl = B) + 2 (Bl = B)’] (102)

nenH

6.3.3.Network constraints

A heating network consists of supply and return networks. Both networks are coupled together as
the mass flow rate in one pipe in the supply network is the same as the corresponding return pipe.

Hydraulic and thermal optimizations are carried out to determine the mass flows and
temperatures of pipes and nodes [7].

6.3.3.1. Hydraulic model

The continuity of flow is expressed as: the mass flow that enters into a node is equal to the mass
flow that leaves the node plus the flow consumption at the node. Equation (103) and (104) define the
conservation of mass and pressure drop equations, assuming incompressible and constant water
properties throughout the network. 4 is the network incidence matrix that relates nodes to branches.
Equations (105)-(107) define the pressure and mass flow limits of pipelines and loads/generators [7].

A.m = nig (103)
pl—plt = K; ;.. |my|, v i,j € N",(i,j) € B, (104)
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ﬁSp]’.lSpj?,Vj € NH (105)
&Sm]_l Sm_“;v (_];l) EBH (106)
myj Smy; <mg;, Vi€ NH (107)

6.3.3.2. Thermal model

The thermal model is used to determine the temperatures at each supply and return node. There
are three different temperatures associated with each node: the supply temperature Ts; the outlet
temperature T, and the return temperature T,.. The outlet temperature is defined as the temperature
of the flow at the outlet of each node before mixing in the return network. If there is no flow mixing at
a node, then the outlet temperature T, is equal to the return temperature T, at this node.

The equations which relate mass flow rate and temperature are the heat power equation, the
temperature drop equations and conservation of energy.

The heat power consumed by loads and produced by generators are defined by equation (108)
and (109).

PiL=PH = ¢ g (Ts; — Tpy), Vi € N (108)
P, = —C,.my;. (Ts; —T,;), Vi €NY (109)

The temperature drop equation, which relates the two ends of the pipe, is derived from the heat
loss equation and it is defined in equation (110). With the hot water circulating through the pipes, part
of the heat is lost to the surrounding which causes the water temperature to drop along the pipe.

AL
Tijout = (Tijin — Ta)-€P™0 + T, Vv (i,j) € B (110)

The conservation of energy relates the outgoing mass flow rates and water temperature at a given
node j with all incoming mass flow rates and water temperatures (111). The temperature limits of
pipelines and supply/outlet nodes are defined by equations (112)-(114).

Z(Tj,in-mj,in) = Tj,out-Z(m],out)rV] € NH (111)
J J

T,; <T,; <T;;,¥(ij) €B" (112)
Lj,STs,iSE'Vi € NH (113)
Tpj < Toi <T,pVi €NH (114)

6.3.4.Direction flow

In order to calculate the direction of the mass flows, algorithm 2 is applied in the first iteration of
the heat DSO negotiation where one heat flow is run with the loads calculated by the aggregator. In
order to minimize the heat losses, the overall temperature of the network should be controlled as low

as possible [8]. This way, the direction of the flow is calculated with the objective of minimizing heat
losses.
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TABLE 12 - HEAT DIRECTION FLOW

Algorithm 2: Heat direction flow

1. Set heat loads according to the aggregator optimization;

2. Set all the temperatures of pipelines, generators and loads to the lower limits;
3. Optimize production of heat sources and calculate mass flows;

4. Save direction of mass flows.
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7. Results
In this chapter, the study case used to test the tools and the results obtained are presented.

7.1. Study case

The University of Manchester microgrid was used as the study case to test the tools [9]. It has
electrical, heat and gas networks optimized by the tools. A scheme of the networks is presented in
Figure 6. The electricity network has 22 buses in which 39 buildings are connected to them; bus O is the
reference bus and it has two heat-pumps connected to bus 6 and 12. The heat network has 28 buses
in which 21 buildings are connected to them and has two heat pumps connected to bus 0 and 26. The
gas network has 36 buses in which 28 buildings are connected to them and bus O is the reference bus.

a) Electricity b) Heat

FIGURE 6 - ELECTRICAL, HEAT AND GAS NETWORKS OF THE STUDY CASE

All buildings have inflexible electrical and gas loads. Buildings 8, 11, 22, 34 and 39 are modelled as
thermal models and have 0.75 MW heat pumps connected to the electrical network installed. Buildings
2, 13, 15, 25 and 32 are also modelled as thermal buildings but they are connected to the district
heating network. They were modelled as large buildings, according to [10] and their resistance R was
set to 0.081 °C/kWh and their capacity was set to 437.7 kWh/°C. Heat pumps have a COP of 3.45.

Buildings 4, 8, 11, 12, 14, 24, 31, 33 and 34 have PV and storage systems installed. The total PV
power installed is 2075 kW and the total capacity of storage systems is 418.5 kWh. The storage systems
have an efficiency of 90% and their power has a range of 10 to 50 kW.

The power capacity of the two heat pumps that provide heat to the district heating was set to 10
MW each.

All the electricity prices were taken from [11][12] and the gas prices were taken from [13].

The electricity prices for the day-ahead tool are presented in Figure 7 and the secondary reserve
activation ratios in Figure 8. The price of gas was set to 22.99 €/MWh.
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The real-time electricity energy and upward and downward secondary reserve activation prices
are presented in Figure 9. The real-time electricity imbalance prices are presented Figure 10. The real-
time activation ratios are presented in Figure 11. The gas imbalance prices was defined as 27.5 €/MWh.
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FIGURE 9 - REAL-TIME ELECTRICITY ENERGY AND SECONDARY RESERVE PRICES
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Figure 12 presents the solar profile and outside temperature day-ahead and real-time forecasts
[14].
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FIGURE 12 - DAY-AHEAD AND REAL-TIME SOLAR PROFILE AND OUTSIDE TEMPERATURE FORECASTS

The test cases were run in an Intel® Core™ i5.8265U CPU @ at 1.6GHz with 8 GB RAM on a
Windows 10 operating system.

7.2. ADMM

7.2.1.Day-ahead

In the day-ahead tool, the ADMM converged in 214 iterations. It is possible to observe its
convergence in Figure 13.
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FIGURE 13 - CRITERIA AND CRITERIA DUAL OF THE DAY-AHEAD TEST

The optimization times of the optimizers CPLEX and /POPT in each stage of the ADMM are
presented in table Table 13. It is possible to observe that the step that consumes more time is the heat
flow. The total optimization time was higher than 4h.

TABLE 13 - TIMES OF THE OPTIMIZERS IN EACH STAGE

Aggregator Power flow Gas flow Heat flow
Per hour (s) - - - 1.48
o Per iteration (s) 0.13 - - 35.54
Pre-negotiation
Total (s) 2.18 - - 604.25
Sum total (min) 10.11
Per hour (s) - 0.05 0.10 1.01
o Per iteration (s) 0.51 2.21 2.28 72.72
Negotiation Total (s) 109 470 486 15489
Sum total (min) 275.9

7.2.2.Real-time

The number of iterations until convergence per hour of the real-time tool are presented in table
Table 14. It is possible to observe that they range from a minimum of 6 iterations to 267 iterations.

TABLE 14 - NUMBER OF ITERATIONS OF THE REAL-TIME TOOL

e T 0 1 2 03 4 5 s 7 8 9 10 n

Number iterations 17 250 259 45 7 16 52 7 5 3 5 8
' Hour |12 13 14 15 16 17 18 19 20 21 22 23
Number iterations 5 11 14 50 40 41 45 45 44 266 267 53

The optimization times per hour were similar to the times from the day-ahead tool.
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7.3. Outputs

7.3.1.Day-ahead

Figure 14 presents the energy bids of the aggregator obtained from the day-ahead tool. These are
aggregated bids per hour and they include energy bids and upward and downward secondary reserve

band bids. This is the final output from the ADMM algorithm and the aggregator submits these bids to
the electricity markets.

5400

— 4050
<

=
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T 2700
v
H
o

= LA

01234567 891011121314151617181920212223
Time (h)

OEnergy bid MUpward bid ODownward bid
FIGURE 14 - DAY-AHEAD ELECTRICITY BIDS

Figure 15 presents the day-ahead gas bids submitted by the aggregator to the market.
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FIGURE 15 - DAY-AHEAD GAS BIDS
Figure 16 presents the energy bids and secondary reserve bands provided by the flexible

resources. It is possible to observe that storage systems are the resources that provide flexibility more
often.
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FIGURE 16 - DAY-AHEAD BIDS FROM FLEXIBLE RESOURCES

It is important to note that for simplification purposes these bids, as presented in this document,
are cumulative of all electrical buses. The tool will provide these bids discriminated per electrical bus.

7.3.2.Real-time

In Figure 17 it is presented the results obtained from the level 1 of the real-time tool. The energy
bids define the energy to be consumed/supplied at that hour and the upward and downward bids
define the secondary reserve bands that the AGC can actually use in the next hour. These bids are
different from the bids calculated from the day-ahead tool due to the new forecasted inputs, like a new
solar profile, outside temperature or energy loads.
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012345678 91011121314151617181920212223

O Energy operating point M Upward band 0O Downward band
FIGURE 17 - REAL-TIME ENERGY AND SECONDARY RESERVE BAND

The energy imbalances in relation to the day-ahead bids are presented in Figure 18. It is possible
to observe that at 6h there were only negative imbalances which can represent a surplus of demand or
a shortage of generation.
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FIGURE 18 - REAL-TIME ENERGY IMBALANCES

Figure 19 presents the upward and downward secondary reserve band variation in relation to the
day-ahead secondary reserve bands.
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FIGURE 19 - REAL-TIME SECONDARY RESERVE BAND VARIATIONS

At level 2, the aggregator algorithm takes into account the AGC signal. This AGC signal is calculated
considering the day-ahead energy and secondary reserve band bids presented in the market. If the real-
time optimization of the aggregator defines the same bids and no imbalances occur, the AGC signal will
be satisfied. This is possible to observe in Figure 20, where the power provided by the aggregator during
that hour (black line) follows the AGC signal (red blocks), activating upward and downward band
reserves.
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FIGURE 20 - OPERATING POINTS AND AGC SIGNAL, AT 4H

When imbalance occurs in the real-time optimization, the operating points of the aggregator will
fail to follow the AGC signal, due to shortage of secondary reserve band, as it is possible to observe in
Figure 21, for hour 2.
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The activated reserves are payed according to the operating point of the controller level.

7.4. Other results

This section includes some results related with the energy networks or the buildings to show the
functioning of the tool in relation to these components.

Figure 22 presents the voltages obtained from the day-ahead tool for the electrical bus 14. It is
possible to observe the difference between the upward and downward scenarios. As it would be
expected, the upward scenarios present higher values of voltage as there is supposed to be more

generation or less consumption. The same happens in Figure 23, where the voltages of all electrical
buses at 9h are presented.
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FIGURE 22 - VOLTAGES PER HOUR, AT BUS 14
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FIGURE 23 - VOLTAGES PER BUS, AT 9H
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The temperatures in the district heating obtained from the day-ahead tool for node 14 during the
day are presented in Figure 24. It is possible to observe different temperature profiles for the energy,

upward and downward scenarios as they provide reserves in each scenario. Figure 25 shows the same
information for Sh.
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FIGURE 24 - DISTRIC HEATING TEMPERATURES IN EACH SCENARIO FOR NODE 14
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FIGURE 25 - DISTRICT HEATING TEMPERATURES FOR EACH SCENARIO AT 9H

In Figure 26 it is presented the electricity consumed or supplied in a building. It is possible to
observe the consumption from the electrical load, the heat pump and the storage systems (positive
values) as well as the electricity injected by the PV system and the storage system (negative values).
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mHeatpump @PV MWStorage OElectrical load

FIGURE 26 - ELECTRICITY CONSUMED/SUPPLIED IN A BUILDING
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ANNEX | | INPUT DATA AND RESULTS FILES

This annex contains the information about the Excel files with input and output data as mentioned in
Chapter 3.

Inputs

The inputs are organized in three files (Figure 27):

e “Input Data — Networks.xlsx” contains information about energy networks;

e “Input Data — Other.xlsx” contains information about weather forecasts, prices forecasts and
ADMM settings;

e “Input Data — Resources.xIsx” contains information about resources.

Input Data - Networks.xlsx
Input Data - Otherxlsx
Input Data - Resources.xlsx

FIGURE 27 - INPUT FILES

Some examples of inputs present in each file are shown below.
Networks

The file “Input Data — Networks.xlsx” contains 11 pages where it is presented the electrical, gas and
heat networks inputs. Table 15 presents the electrical branches inputs and Table 16 presents other
necessary inputs to model the electrical network.

TABLE 15 - INPUTS OF PAGE "ELECTRICAL - BRANCH"

From To R (p.u.) X (p.u.)
22 0 1.8762 2.5212
0 21 1.8762 2.5212
21 13 4.0639 5.4609
13 3 4.0771 5.4787

20 0.671 0.9017

18 5.1115 6.8685

18 10 2.0305 2.7285
10 12 4.1756 5.6109
12 11 2.7078 3.6386
11 16 0.6274 0.843
16 14 2.1157 2.843
0 15 5.6184 7.5497
15 4 2.4066 3.2339
6 3.54009 4.758

1.3649 1.8341

17 4.6369 6.2309

17 1 4.1682 5.6011
8 2.0804 2.7956

2.3038 3.0957
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2 2.5241 3.3918
0 7 46178 6.2052
7 19 1.0629 1.4282
8 2.3038 3.0957
2 2.5241 3.3918
0 7 4.6178 6.2052
7 19 1.0629 1.4282

TABLE 16 - INPUTS OF PAGE "ELECTRICAL - OTHER

Reference bus number 22
Reference bus voltage 1
System base (MVA) 1000
Maximum voltage (p.u.) 1.1
Minimum voltage (p.u.) 0.9
Maximum current (A) 500

Other

WP2

The file “Input Data — Other.xlsx” contains 3 pages where it is presented weather forecasts, price
forecasts and ADMM settings. Table 17 presents the solar profile and outside temperature forecasts
for 24h. Table 18 presents the ADMM settings.

TABLE 17 - INPUTS OF PAGE "WEATHER FORECASTS"

Solar Profile Outside
temperature

1 0 6
2 0 7
3 0 6
4 0 5
5 0 6
6 0 6
7 0 5
8 0 5
9 0.038 5
10 0.242 6
11 0.454 7
12 0.513 8
13 0.572 9
14 0.465 11
15 0.521 10
16 0.439 10
17 0.144 10
18 0.009 9
19 0 9
20 0 8
21 0 9
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TABLE 18 - INPUTS OF PAGE "ADMM"

Initial ro

0.0001

Stoping criteria

0.05

Resources
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The file “Input Data — Resources.xlsx” contains 6 pages where it is presented electrical, gas and heat
inflexible loads, type of resources and thermal models of loads/buildings/resources and the maximum
and minimum temperature allowed in each thermal model. Table 19 presents the inflexible electrical
load of 5 buildings for 24 hours. Table 20 presents the characteristics defined for 5

loads/buildings/resources.

TABLE 19 - INPUTS OF PAGE "ELECTRICAL LOAD"

Load/Building/Resource 1 2 3 4 5
63 45 5 17 O

p 62 43 6 18 O
3 58 42 5 18 O
4 61 41 6 22 O
5 58 41 6 21 O
6 60 41 6 21 O
7 61 40 6 18 O
8 80 50 11 21 O
9 95 50 23 38 O
10 115 64 25 38 O
11 129 68 24 42 O
12 129 66 25 41 O
13 130 66 27 38 O
14 136 66 23 39 O
15 131 62 21 44 O
16 127 65 21 45 O
17 124 68 17 40 O
18 108 68 13 28 O
19 95 68 8 20 O
20 8 69 7 20 O
21 78 68 6 18 O
22 63 53 7 17 O
23 61 50 6 13 O
24 60 48 5 17 O
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TABLE 20 - INPUTS OF PAGE "LOADS, BUILDINGS, RESOURCES"

Load/Building/Resource 1 2 3 4 5
Installed (0-no,1-yes) 0 0 0 1 1
Electrical heater Max power (kW) 0 0 0 1000 1000
Efficiency/COP 0 0 0 3.45 3.45
Installed (0-no,1-yes) 0 0 0 0 0
Gas heater Max power (kW) 0 0 0 0 0
Efficiency/COP 0 0 0 0 0
By Installed (0-no,1-yes) 0 0 0 1 0
Max power (kW) 0 0 0 750 0
Installed (0-no,1-yes) 0 0 0 1 0
Max power (kW) 0 0 0 100 0
Max SOC (kWh) 0 0 0 250 0
Storage -
Min SOC (kWh) 0 0 0o 15 0
Initial SOC (kWh) 0 0 0 100 0
Efficiency 0 0 0 0.9 0
o . Installed (0-no,1-yes) 1 1 1 0 0
District heating
Max power (kW) 750 750 750 0 0
Gas Load (0-no,1-yes) 1 0 1 1 0
R (2C/kWh) 0 0081 O 0 0
Thermal model building C (kWh/<C) 0 4377 O 0 0
Initial temperature (2C) 0 20 0 0 0

Outputs

The outputs of the day-ahead tool are organized in one file called “Bids_aggregator.xls” (Figure 28). The
outputs of the real-time tool are organized in one file called “Bids_aggregator_RT.xls” (Figure 29).

Bids_aggregator.xls

FIGURE 28 - OUTPUT FILE OF THE DAY-AHEAD TOOL

Bids_aggregator_RT.xls
FIGURE 29 - OUTPUT FILE OF THE REAL-TIME TOOL

These files contain 4 pages where it is presented the electricity energy, upward and downward bids and
the gas bids. Table 21 presents the electricity day-ahead energy bids obtained for 6 buses for 24h. Table
22 presents the day-ahead upward secondary band obtained for 6 buses for 24h.

TABLE 21 - OUTPUTS OF THE PAGE "ELECTRICITY ENERGY BID"

0 1 2 3 4 5
0 0 35 0 17 18 188
1 0 32 0 8 16 156
2 0 35 0 17 18 159
3 0 31 696 17 16 179
4 0 35 0 20 17 167

47 | 48



ATTEST

DAY-AHEAD AND REAL-TIME OPTIMIZATION TOOLS TO SUPPORT MES AGGREGATORS

5 0 30 0 19 15 172
6 0 41 0 47 21 198
7 0 55 0 39 28 204
8 0 88 0 124 44 274
9 0 87 0 134 44 150
10 0 117 0 81 58 -47
11 0 129 39 123 64 -47
12 0 174 36 130 87 -83
13 0 165 29 100 82 -34
14 0 154 32 73 77 -102
15 0 164 227 121 82 12
16 0 136 0 136 68 239
17 0 125 0 133 62 325
18 0 84 0 74 42 261
19 0 76 0 17 38 193
20 0 65 0 15 32 180
21 0 54 36 10 27 172
22 0 40 36 23 20 184
23 0 40 36 14 20 73
TABLE 22 - OUTPUTS OF THE PAGE ""UPWARD SECONDARY BAND"

0 1 2 3 4 5
0 0 0 4.1E-06 0 0 100
1 0 0 8.89E-06 0 0 100
2 0 0 0.000379 0 0 100
3 0 0 259.892 0 0 100
4 0 0 0.001103 0 0 100
5 0 0 9.96E-06 0 0 100
6 0 0 1.24E-06 0 0 100
7 0 0 1.04E-06 0 0 100
8 0 0 7.83E-07 0 0 100
9 0 0 5.51E-07 0 0 100
10 0 0 5.91E-07 0 0 100
11 0 0 6.52E-07 0 0 100
12 0 0 7.97E-07 0 0 100
13 0 0 7.76E-07 0 0 100
14 0 0 6.51E-07 0 0 100
15 0 0 5.54E-07 0 0 100
16 0 0 5.44E-07 0 0 100
17 0 0 4.86E-07 0 0 100
18 0 0 5.87E-07 0 0 100
19 0 0 5.89E-07 0 0 100
20 0 0 5.26E-07 0 0 100
21 0 0 6.36E-07 0 0 100
22 0 0 7.87E-07 0 0 100
23 0 0 1.6E-06 0 0 3.15E-06

WP2
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