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Nomenclature

ACRONYMS

AS Ancillary services

BES Building energy system

CAPEX Capital Expenditure

DHW Domestic hot water

DSM Demand Side Management

DSO Distribution System Operators

ERA Energy reference area

GM Grid multiple

GU Grid usage

LV Low Voltage

MILP Mixed integer linear programming

MPC Model Predictive Control

MV Medium Voltage

OPEX Operational Expense

PV Photovoltaic

PVC Grid curtailment

RBC Rule-Based Approach

REel Demo Romande Energie ELectric network Demonstrator

SC Self-consumption

SOFC Solid Oxide Fuel Cells

SS Self-sufficiency
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Executive summary

There is a need by distribution system operators and power suppliers to propose ancillary ser-

vices to enhanced grid operation allowing the optimal deployment of photovoltaic panels, co-

generation technologies and distributed storage. This deliverable therefore proposes and eval-

uates the impact of a list of possible ancillary services for the injectionof local renewable energy

in the future low voltage grid.

The novelty of the proposed building to district and district to grid approaches lies in the ability

to generate a wide range of optimal energy transition scenarios usingmulti-objective optimisa-

tion techniques both at building and district level. The proposed approach differs fromprevious

work by integrating ancillary services by optimizing simultaneously both sizing and operation

of the district energy technologies.

This deliverable demonstrates, on the reference case (TR3716), the implementation of volt-

age control ancillary services to integrate more renewable energy to the low voltage grid. In

particular it exposes how advanced electricity tariffs can influence energy system design and

operation to decrease stress induced by high PV penetration on the grid. The proposed imple-

mentation can be deployed in control boxes developed using open-source standards, such as

mikrobus.

Moreover, considering the transformer’s area as a relevant scale for the implementation of

ancillary services, this work pave the way to the definition of a new geographical division for

territorial energy planning aiming at the integrationmore renewable energy resources in urban

areas.
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1. Description of deliverable and goal

1.1. Introduction

According to the International Renewable Energy Agency, the share of clean district energy sys-

tems for building heat demand is projected to more than double by 2050 with a significant in-

crease by 70% of the electricity demand in the sector [17]. The decarbonization of the energy

resources employed would indeed require large-scale electrification of the thermal utilities,

combined with investments in efficient renewable technologies. The path toward this goal is

not straightforward as the emergence of new decentralized electricity production, distributed

storage, and new consumers are going to put more pressure on the electrical grid, especially

at the district level. For instance, the electricity demand in the building sector is expected to

increase by 70% by 2050, highlighting the importance to strategically plan the interaction be-

tween households with electricity power grid. Namely, voltage deviation, line and transformer

overloading are key issues that need to be addressed.

For these reasons, there is a need by DSO’s and power suppliers to propose ancillary services

to enhanced grid operation (Figure 1) allowing the optimal deployment of photovoltaic panels

(PV), cogeneration technologies and distributed storage.

Figure 1: Overview of ancillary services defined by swissgrid [15].

The one addressed in this report ate shown in green.
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Starting from the actual electricity load and energy-mix at the transformers (Figure 2), the re-

port evaluates the effect of energy scheduling, voltage support and island operation measures

on the low voltage grid whenmore photovoltaic panels (PV), batteries, heat pumps and cogen-

eration are integrated.

Figure 2: Actual heat-energy mix of the transformers [3].
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1.2. Research question

The increasing penetration of renewable energy in the RE Demo site through the integration of

new PV capacity 1 and the shift from fossil fuel to heat pumps leads to the following practical

question:

• what are the possible ancillary services to enhance the future operation of the power

grid at district scale;

• what is the impact, at the level of the transformer, of the implementation of the most

effective ancillary services.

1.3. Novelty of the proposed solutions compared to the state-of-art

Recent investigations [26] within the field of smart Building energy system management have

highlighted the use of optimal and predictive control methods as a good candidate to perform

ancillary services such as load shifting and peak shaving [9]. However, most studies solely fo-

cused on the development of detailed control algorithms [7, 4] with a limited set of empirically

defined [35] or fixed [25, 32] system configurations. The same stands for the increasing interest

by power network operators to provide load flexibility through demand-side-management [13,

14, 40].

On the other hand, grid impact assessment has attracted interest from the research community

due to the rapid growth of distributed renewable energy. Solving the load flow problem has

shown that, in the presence of distributed power generation, the topology of the network has

a great importance on the risk of voltage rise [39]. Moreover, as shown by [6], battery energy

storage, PV curtailment, reactive power control and on load tap changer drastically improves

the maximum PV penetration.

The novelty of the proposed building to district and district to grid approaches lies in the ability

to generate a wide range of optimal energy transition scenarios usingmulti-objective optimisa-

tion techniques both at building and district level. This allows to access the impact of ancillary

service provision in an early design phase. In this context, grid impact assessment not only

used to access the maximum voltage level in a sub-network [28], but rather to evaluate the

power flow for the yearly operation of various energy system configurations, thus allowing to

evaluate ancillary services as a function of the evolution of the grid.

Our approach to integrate ancillary services from DSM differs from previous work by consid-

ering the optimization of both the sizing of the PV and battery system and its operation using

a fully integrated formulation contrary to a two-step optimization as in [37]. Compared to the

1https://jardinsolaire.ch/projet
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latter, our approach ensures a global optimum of the net present value but take into account

neither PV degradation nor the consumption evolution. In comparison to [8], we choose a

finer temporal resolution (15min), which is closer to the recommendation of [1, 5] formodeling

variable renewable energy sources. Additionally, we integratemore-advanced tariff structures,

inspired by [30], but considering their impact on the system configurations while adding a real-

time pricing energy tariff. In addition to the standard performance metric to assess the usage

of the grid such asmaximumpeak power, self-consumption and self-sufficiency [31, 29, 19], we

consider another grid usagemetric which compares themaximumpower exported or imported

with the maximum load power.

1.4. Description of the deliverable

In the first chapter, the future loads in the low voltage grid are forecasted as a function of

technology scenarios in buildings (§3.2). In order to solve overloading issues, possible ancillary

services are reviewed (§3.3) and a list of the most effective one are proposed for the RE Demo

site (§3.4). This includes the effect of implementing the proposed ancillary services is then

evaluated at the level of the transformer TR3716 of the reference case study of the RE Demo

site (figure 3).

The impact on the grid is assessed by solving the load-flow problem and evaluating voltage de-

viations, line loading levels and the load duration curve at the transformer. This includes the

implementation of different tariff structures (§3.5), the use of model predictive control (MPC)

(§4.4), the application of load constraints in the power grid §4.5 and district rather than build-

ing scale control (§4.6).

Our results show that future technology mix increases grid congestion but enable new eco-

nomic models for flexibility services.
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Figure 3: Transformer in the RE Demo zone (triangles) with TR3716 within the references case area

(magenta).

2. Achievement of Deliverable

2.1. Date

This deliverable is handed in June 2020.

2.2. Demonstration of the Deliverable

This deliverable demonstrates on the reference case (TR3716) the implementation of voltage 
control ancillary services to integrate more renewable energy to the low voltage grid. In particu-
lar it exposes how advanced electricity tariffs can influence energy system design and operation 
to decrease stress induced by high PV penetration on the grid.
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2.3. Impact

Starting from the demonstration on the reference case of REel, the proposed control 
strategies provides solution for the operation of future districts in Switzerland integrating 
solar energy, heat pumps, cogeneration with new storage capacities. It capitalizes on the 
local flexibility by giving incentives from advanced tariffs to use as much as possible locally 
produced renewable energy without relying on centrally controlled infrastructures.
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3. Research methodology

The implementation of the proposed methods have been demonstrated on the low voltage

grid connected to the transformer TR3716 of the RE Demonstrator(Figure 4).

Buildings
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800 - 1000
1000 - 2000
1200 - 1400
≥1400

Grid
Transformers

Medium voltage
Low voltage
Gas network

Buildings
Solar irradiation
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Grid
Transformers
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Gas network

Figure 4: Low voltage grid TR3716 of the RE Demonstrator.

3.1. Actual loads on the low voltage grid

The actual load at the transformer, obtained from DEPSYS measurements, is shown in Figure5.

The power capacity of this transformer is limited to±400 KW.

(a) Power profile. (b) Load duration curve.

Figure 5: Actual measurement (2018) at the transformer TR3716 (source: Depsys).
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3.2. Future loads on the low voltage grid

The future loads on the low voltage grid is evaluated using the approach developed in the 
project [20] for the elaboration of alternative scenarios of the future building energy system 
(BES). It uses a MILP-based optimization model [34, 26] to design and schedule the operation of 
smart buildings by minimizing the operational costs (OPEX) as a function of capital investment 
(CAPEX) bounds (ε). Scenarios at district scale (s) are generated by selecting energy system 
scenario for buildings (sb,i) taken from a pre-defined l ist of optimal combination of state-of-
the-art technologies listed in Table 1.

Table 1: Bounds for the sizes of the building energy system

Technology Min Max

Heat pump kWe 1.5 -

Boiler kWe 0.1 -

PV kWp 0.5 -

Battery kWh 0.1 100

Thermal storage (heating) m3 0.1 10

Thermal storage (DHW) m3 0.06 10

Electrical heater (backup heating) kWth 0 100

Electrical heater (backup DHW) kWth 0 100

SOFC kWe 0.7 2.5

The generation of N scenarios at district scale is obtained by choosing, for each building (b),

the set of scenario (sb,i) minimising the operating cost of Equation 1 under the ε-constraint of

Equation 2.

OPEXs,j = min
b,i

∑
b,s

OPEXb,sb,i (1)

CAPEXs,j =
∑
b,i

CAPEXb,sb,i ≤ εj, j ∈ [1, .., N ] (2)

The electricity demand (Ėd) is decomposed into the import from the grid (Ėimp), export to the

grid (Ėexp), self-generated electricity (Ėsg = ĖPV +ĖSOFC) and battery losses (Ėloss) according

to the electricity balance of Equation 3 and Figure6.

Ėd = Ėimp + Ėsg − Ėexp − Ėloss (3)
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Figure 6: Schematic outline of daily net load (Ėsg − Ėexp + Ėimp), net generation (Ėsg) and absolute

self-consumption (Ėsg − Ėexp).

The self-consumption (SC) and self-sufficiency (SS) indicators [22, 26] defined by Equation 4.

respectively 5, are reported as well in the secondary axis of the plot.

It is worth to notice that island operation capability (SS = 1) is limited by the available PV

potential on the roof of buildings and by the maximum size imposed to battery (100 kWh) and

SOFC (2.5 kWe) for each individual house.

SC =
Ėsg − Ėexp

Ėsg

(4)

SS =
Ėsg − Ėexp

Ėsg − Ėexp + Ėimp

(5)

Load at the transformer

The load at the transformer (Ėj
T ) of Equation 6 is obtained by summing up the electrical loads

of the global optimal configuration (j) formed by a unique scenario (sb,j) for each building (b).

Ėj
T =

∑
b

Ė
b,sb,j
imp + Ė

b,sb,j
exp (6)

Three possible load constraint in the power grid have been implemented to avoid overloading:

grid multiple (GM ), grid usage (GU ) and PV curtailment (PV C) [24].

12



1. GridMultiple TheGM limits the peak power of the grid to the average demand of a period

[26]. Equation 7 defines the grid multiple, where pd is the total period duration.

εGM ≥

(
Ėgr,+

p,t − Ėgr,−
p,t

)
1
pd

∑
t

(
Ėgr,+

p,t − Ėgr,−
p,t

) ∀p ∈ P ∀t ∈ T (7)

2. Grid Usage TheGU gives the interaction with the grid in respect to the maximum uncon-

trollable load of the building. This is excluding heating as it is to evaluate the impact of a total

system design on the grid. Equation 8 defines theGU according to [16].

ε
+/−
GU ≥

Ė
gr,+/−
p,t

max
p,t

(Ėb,−
p,t )

∀p ∈ P ∀t ∈ T (8)

3. PV curtailment The PV C factor presented in Equation 9 is the ratio between the total

amount of PV energy hat is curtailed from the PV generation [16].

PV C =
Epv

g en− Epv
sc

EPV,gen
(9)
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3.3. Possible ancillary services for the low voltage grid

Definition and classification

The term ancillary services (AS) is widely used in the context of power system stability; how-

ever, according to the author, its definition can differ. It usually refers to services that help to

corrective measures used to maintain the voltage and frequency of the power grid in a secure

range. Table 2 shows a few definitions of the AS term, Swissgrid [36] considers that AS are

provided only by the grid operator where as the directive 2009/72/EC [41] incorporates ”all

services necessary for the operation of a transmission or distribution system”. Moreover [10]

makes the distinction between ancillary services and system services. ”System services are all

services provided by some system function (such as a system operator or a grid/network op-

erator) to users connected to the system. Ancillary services are services procured by a system

functionality (system operator or grid/network operator) from system users in order to be able

to provide system services.”

Table 2: Ancillary services definitions

Reference Definition

Swissgrid [36] ... operating a reliable grid requires constant corrections. The correc-

tive measures taken by the grid operators are referred to as “ancillary

services”. Ancillary services maintain the frequency and the voltage

within a secure, stable range and compensate for the difference be-

tween electricity production and consumption. Ancillary services in-

clude schedule and congestionmanagement as well as the provision of

control energy.

Joos [18] Services provided in addition to real power generation by the electric

utilities under a monopoly, and services that must be provided sepa-

rately under a deregulated environment.

EURELECTRIC [10] All services required by the transmission or distribution system opera-

tor to enable them to maintain the integrity and stability of the trans-

mission or distribution system as well as the power quality.

Directive

2009/72/EC [41]

All services necessary for the operation of a transmission or distribution

system.

Systems can provide one or multiple kind of ancillary services listed in table 3.
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Table 3: Ancillary services kind according to [27] and [10]

Name Definition

Primary frequency con-

trol (FC1)

Local automatic control that adjusts the active power generation of

the generating units and the consumption of controllable loads to

restore quickly the balance between load and generation and coun-

teract frequency variations.

Secondary frequency

control (FC2)

Centralized automatic control that adjusts the active power produc-

tion of the generating units to restore the frequency and the inter-

changes with other systems to their target values following an im-

balance.

Tertiary frequency con-

trol (FC3)

Manual changes in the dispatching and commitment of generating

units.

Primary voltage control

(VC1)

Local automatic control that maintains the voltage at a given bus at

its set point.

Secondary voltage con-

trol (VC2)

Centralized automatic control that coordinates the actions of local

regulators in order to manage the injection of reactive power within

a regional voltage zone.

Tertiary voltage control

(VC3)

Manual optimization of the reactive power flows across the power

system.

Black start capability

(BS)

The capability of a generating unit to start up without an external

power supply, called on as a means of restoring supplies following

a major failure on all or part of the network.

Remote automatic gen-

eration control (RG)

A means of regulating frequency by controlling the output through

a centrally-based control system. It can mean operating the Sec-

ondary Response but also controlling a whole plant.

Grid loss compensation

(GL)

Compensating the transmission system losses between the genera-

tors and the loads.

Emergency control ac-

tions (EC)

Maintenance and use of special equipment (e.g. power-system sta-

bilisers and dynamic-braking resistors) to maintain a secure trans-

mission system.
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3.4. Most effective ancillary services for the RE demo site

According to the building to district2 (Task 1.1) and district to grid3 (Task 1.2) approach with

time steps ranging from 15 minutes up to 1 hour, the following primary (VC1) and secondary

(VC2) voltage control ancillary services are considered the most effective for the low voltage

grid of the district:

• Advanced electricity tariff structures §3.5 and §4.3;

• Model predictive control (MPC) §4.4;

• Load constraints in the power grid §4.5;

• Building to district control §4.6.

3.5. Alternative electricity tariffs

This section briefly summarizes the equations of the optimization problem, defines the per-

formance metrics for the design and operation of all buildings, and presents the performance

metrics from the grid perspective.

PV-battery optimal sizing and operation

The PV and battery sizing and operation are optimized for each building to minimize the total

cost of ownership given a set of modeling constraints [2]. The objective function includes both

the investment and operational cost, as described in (10). By definition, the optimization prob-

lem relies on the assumption that an exact forecast of both the PV generation and the electrical

load is provided. The impact of forecast errors and energy managers’ performance is outside

the scope of this study. In the following, P denotes a power, C a cost and L a duration. The

complete definitions of all variables are available in [2].

obj =
r · (1 + r)L

(1 + r)L − 1
·
(
CXpv +

L

LBAT
· CXbat

)
+ OPEX (10)

CXpv =
N∑
i=1

nMOD
i · PMOD

nom,i · CMOD
i + bPV · CFPV (11)

CXbat = EBAT
CAP · CBAT + bBAT · CBAT

F (12)

2Building to district (Task 1.1): Exploration of system design options to increase the flexibility of the energy

system by optimizing building efficiency together with multi-energy systems
3District to grid (Task 1.2): Enhancement of grid operation by designing district-level multi-energy systems

capable of providing flexibility to the power system
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where the decision variables are the number of PV modules installed nMOD
i for each configura-

tion, and the battery size EBAT
CAP. The boolean variables bPV, bBAT are constrained to switch from 0

to 1 if the corresponding capacity is greater than 0.

The operation decision variables are the battery charging and discharging power (P CHA,DIS
t ) and

the PV curtailment (P CUR
t ). These decision variables determine the power withdrawn from -

injected to - the grid (P IMP
t , P EXP

t ) through the conservation of energy (13):

P IMP
t − P EXP

t − P CHA
t + P DIS

t − P CUR
t + P PV

t

= P LOAD
t ∀t ∈ T

(13)

where P PV
t =

∑N
i=1 P

MOD
t,i · nMOD

i in which PMOD
t,i is the power generated by a single module of

the ith configuration at time t.

Then, the operating costOPEX (14a) can be evaluated, considering the sumof the grid exchange

cost OXstge according to the selected tariff structure, i.e. volumetric (14c), capacity (14d), or block

rate (14e). The operating cost also contains the PV maintenance cost OXpm as defined in (14b).

Op. cost OPEX =

[vol,pow,block]∑
st

OXstge + OXpm (14a)

PV maint. OXpm = γPV · CXpv (14b)

Volumetric OXvolge =
T∑
t=1

[P IMP
t · tIMP

t − P EXP
t · tEXPt ] · TSt (14c)

Capacity OXpowge =
M∑

m=1

PMAX
m · tMAX (14d)

Block rate OXblockge =
T∑
t=1

max
k=1...K

(P IMP
t · aIMP

k · TSt + bIMP
k )

−
T∑
t=1

min
k=1...K

(P EXP
t · aEXPk · TSt + bEXPk ) (14e)

where the maximum power for monthm, PMAX
m , is calculated by requiring that both the import

and the export power be smaller than this variable.

The five tariff scenarios are illustrated in figure 7. The values of the import and export tariff

tIMP
t , tEXPt , the value of the capacity tariff tMAX and the values of the block rate tariff coefficients

aIMP
k , aEXPk are given in Table 4. The values of the coefficients bIMP

k and bEXPk are calculated to ensure

the continuity of the cost of buying or selling energy to the grid (see Fig. 7). All other variables

from (10) to (14a) which are known parameters of the optimization problem are defined in

Table 5.
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Table 4: Tariff scenarios

Scenario Description Tariff (CHF cts/kWh)

reference
tIMP
t : 21.02

tEXPt : 8.16

solar

tIMP
t∈11h:15h: 14.68

tEXPt∈11h:15h: 7.07

tIMP
t/∈11h:15h: 23.17

tEXPt/∈11h:15h: 11.12

spot market
tIMP
t : EPEX*3.9468

tEXPt : EPEX*1.604

capacity

tIMP
t : 15.91

tEXPt : 12.09

tMAX: 5.02 CHF/kW/month

block rate

Power (kW) aIMP
k aEXPk

0 to 1 13.72 13.07

1 to 2 15.06 11.73

2 to 4 16.80 9.99

4 to 6 19.07 7.73

6 to 8 22.01 4.79

8 to 10 25.83 0.96

Table 5: Parameters

Parameter Value Description

G
E
N
E
R
A
L

T 35040 number of time steps

M 12 number of months

TS 900 s time steps

L 25 years system lifetime

r 3% discount rate

P
V

P PV
CAP,max,b

∗ maximum building

PV capacity

CPV
F 10049 CHF PV fixed cost ∗∗

CPV 1.05 CHF/W PV specific costs ∗∗

B
A
T CBAT 229 CHF/kWh battery specific cost ∗∗

CBAT
F 0 CHF battery fixed cost ∗∗

∗ data from the geographical information system

∗∗ same value for all buildings
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Figure 7: Scenario preview for a typical day with PV generation.

Performance metrics

The performance metrics aim to assess the system’s reaction, in terms of equipment size and

operation, and the network’s reaction, in terms of voltage profile and line loading, when chang-
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ing the electricity pricing structure. From a design perspective, the PV host (15a) is the ratio

between the installed PV capacity and the maximum PV potential capacity of the building. The

PV penetration (15b) compares the energy generated by the PV arrays with the annual con-

sumption. The battery autonomy ratio, BAT auto (15c), corresponds to the ratio between the

battery capacity and the mean daily consumption of the building. This metric can be under-

stood as the fraction of a day that can be covered by the battery in the event of a blackout. From

an operation perspective, the PV cur (15d) is the fraction of the energy that is curtailed from

the PV generation. The self-sufficiency SS (15i) is the fraction of the energy consumption that

is self-covered by the PV-battery system. The definition of (15i) is derived from [21]. To assess

how the buildings interact with the grid, we defined in [2] a grid usage ratio, GU IMP,EXP 15e,

as the ratio between the maximumwithdrawn/injected power and the maximum load. Finally,

from an economic perspective, the payback period, DPP (15g), (time to recover the investment)

is of crucial interest to evaluate the profitability of the proposed economic framework. The lev-

elized cost of energy (LCOE (15h)) also helps to assess whether the chosen scenario induces an

increase or a decrease in the electricity price.

PV host = PVCAP/PVCAPmax (15a)

PV penetration =
∑
t

P PV
t /

∑
t

P LOAD
t (15b)

BAT auto =
EBAT

CAP

mean daily energy
(15c)

PV cur =
∑
t

P CUR
t /

∑
t

P PV
t (15d)

GU IMP,EXP = max(P IMP,EXP
t )/max(P LOAD

t ) (15e)

NPV =
L∑

t=1

CFt/ (1 + r)t (15f)

DPP = T |
∑T

t=1 CFt − OPEX0t

(1 + r)t
= 0 (15g)

LCOE =
NPV

L ·
∑

t P
LOAD
t · TSt

(15h)

SS =

∑
t min(P LOAD

t , P EXP
t + P LOAD

t − P IMP
t )∑

t P
LOAD
t

(15i)

where CFt is the net cash flow (investment + maintenance cost + operational cost, including

battery replacement) at time t and OPEX0t is the original operating cost without the investment

in the PV and battery.

The resolution of the power-flow equations allows for extracting the voltage (in per unit, p.u) at
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every node of the network and the current flowing through every line. Given the lines’ proper-

ties, in particular, the maximum allowable current, a representative metric for grid congestion

is the line loading level. In addition, the maximum and minimum voltage magnitude at every

injection bus will be studied. This allows us to distinguish when there is a local excess of en-

ergy from when there is a local deficit of energy. Finally, one of the key issues for the high

penetration of distributed stochastic generators is the reverse-power flow occurring at the link

between the low-voltage side and the upper level. For this reason, the load duration curve

enables us to assess the requirement in terms of power that has to flowed into and out of the

low-voltage grid.
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4. Results

4.1. Future loads at the transformer

The future loads have been computed and aggregated using the methodology defined in sec-

tion 3.2.

Figures 8 and9 shows the annual operation and investment cost of equipment per squaremeter

of energy reference area (ERA) at district scale for 28 optimal scenarios. Scenarios 1-14 are

generated without considering cogeneration while scenarios 15-28 integrate the cogeneration

with SOFC in buildings.

Figure 8: Operation and investment cost of equipment at district scale for each scenario without

cogeneration.
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Figure 9: Operation and investment cost of equipment at district scale for each scenario with

cogeneration.

The Figures 10 and 11 shows the annual electricity balance and the gas import at district scale

for each optimal district-scale scenario with increasing self-sufficiency ratio.
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Figure 10: Energy flows at district scale for each scenarios without cogeneration.

Figure 11: Energy flows at district scale for each scenarios with cogeneration.
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4.2. Impact on the low voltage grid

A power flow solver [38] is applied on the fourteen optimal district-scale scenarios (§3.2) to

calculate the voltage magnitude at the injection bus and the line current. For simplicity, we

consider here only the case without cogeneration as it is the most grid intensive case. First, we

analyze the impact of the technology scenario on the maximum voltage. Then the line loading

level will be presented, and finally, the load-duration curve will be analyzed.

With the increasing PV penetration and the addition of self-generation technology (scenario

3 to 14), the maximum voltage magnitude (figure 12a) increases to value up to 1.06 p.u. This

highlights a local excess of energy. The only increasing PV penetration is not the only factor.

The addition of batteries that may all discharge at the same time can also significantly increase

the voltage deviation. Theminimum voltagemagnitude, figure 12b show differents trends that

come from the technology scenario. With the addition of PV, the minimum voltage magnitude

increase (scenario 1 to 4), showing that the self-consumption of PV energy helps to compensate

for the local deficit of energy. The moderate addition of heat pumps and electrical heaters has

little effect on the minimum voltage but slightly increase local energy deficit, reducing voltage

magnitude (scenario 5 to 11). The large drop in minimum voltage of scenario 12 to 14 can

be explained by the addition of battery capacity, that will create, as they have synchronized

charging patterns, heavy stress on the grid.
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Figure 12: Bus voltage extreme for each scenario.

Figure 13 illustrates the line loading perspective. On the left side (figure 13a shows the per-

centile 95 of the line loading level and indicates that future technology mix, with increasing

PV penetration, will significantly reduce the current in the line 95% of the time. However, the

maximum line loading level (figure 13b) on the right side, shows that the addition of PV and
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batteries can increase the maximum current flowing through some particularly sensitive lines.

This is especially true for scenarios 12 to 14, where the line loading increases again to reach

similar values than scenarios 1 to 3. In this case, the addition of advanced technologies in the

grid provides limited grid services.
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Figure 13: Line loading for each scenario.

Finally, the load-duration curve illustrated in figure 20 highlights three distinct cases. First,

from scenarios 1 to 3, the system relies heavily on the supplied power from the higher grid

level (negative values indicate power flowing from the medium down to the low-voltage grid).

Scenarios 4 to 10, where the addition of PV, heat pumps, and in amoderatemeasure, batteries,

significantly reduce the energy dependency of the low-voltage grid on the higher grid level.

The number of hours in which the grid has an excess of energy increases. Finally, the 3rd case

occurs between scenario 11 to 14, where the high penetration of PV and batteries increase the

transformer loading to much higher values (positive and negative).
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Figure 14: Load duration curve for each scenario.

This analysis highlights that future loads that depend on technology mix have the potential to

reduce the gird’s stress if selected carefully. A high PV and battery penetration may have a

detrimental effect on the grid if no counter-measures are used. The following will show that

grid tariffs can be used as grid services to mitigate the impact of high penetration of PV and

batteries on the grid.

4.3. Mitigation impact of distributed PV with alternative electricity tariffs

The optimizations of the 41 buildings were performed on a Intel(R) Xeon(R) CPU E5-2630 v3

@ 2.40GHz processor with 8 Cores and 32GB of RAM using GUROBI[12] to solve the mixed-

integer-linear problem. The power flows were then solved for each time step with a resolution

of 15min using PANDAPOWER [38].

Design and operation of the PV-battery energy systems

The resulting designs are pictured in Fig. 15. In all scenarios except the block rate tariff, almost

all the roofs are coveredwith PV leading to a PV host value close to one. The block rate scenario,

however, limits the penetration of PV. Regarding battery size, investment in such technology is

driven by economic opportunities, namely by variations in the electricity price (solar and spot
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market tariff scenarios) or by a strong incentive to limit the exchanged power (capacity tariff

scenario). Although this last aspect is also present in the block rate scenario, the incentive is,

thus, lower, leading to lower relative battery size. In terms of grid usage, only the capacity

tariff and block rate tariff scenarios provide a clear incentive to reduce the maximum power

exchanged with the grid. The spot market and solar tariff scenarios, due to the volatility of

electricity prices, tend to increase the power injected or withdrawn from the grid. On the

economic side, the discounted payback periods are similar, ranging from 14 to 23 years for all

scenarios. The median is, however, higher for the block rate tariff, reaching 21 years against 19

years for the other scenarios.
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Figure 15: PV hosting ratio, battery autonomy, grid usage ratio (import/export) and discounted pay

back period for all scenarios. Metrics are defined in (15). Solid lines are the median, dashed lines are

the 75th percentile, and dotted lines are the 25th percentile.

The relative size of the battery does not scale linearlywith PVpenetration, as depicted in Fig. 16,

except for the dynamic volumetric tariffs (spot market and solar). For the capacity and block

rate tariffs, low PV penetration, underlying a high consumption level compared to the PV pro-

duction, tends to increase the battery autonomy ratio in order to limit the import power. Con-

versely, at high PV penetration, the battery autonomy tends to decrease for the capacity and

block rate tariffs. For the first case, the role of the battery to cut injection peaks is replaced by

the curtailment of the PV generation (Fig. 18). As curtailing is free, there is no need to invest

in batteries for this purpose. For the block rate scenario, high injection is not penalized; the

marginal revenue is just decreased. Thus, it limits the profitability of having a high PV capacity

compared to its consumption level, but does not require either curtailment of the PV energy

or investing in storage technologies. The fraction of energy curtailed is zero for all scenarios

except the capacity and spot market tariffs. For the latter, the small fraction of curtailed energy
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is due to negative spot market prices as shown in the inset of Fig. 18. As a general trend, a

larger battery size relative to the building consumption increases the self-sufficiency ratio as

shown in Fig. 17. This trend is very pronounced for the spot market, solar and capacity tariffs,

although a saturation appears for the latter.
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Figure 16: Battery autonomy versus PV penetration.

In summary, compared to the reference scenario, dynamic volumetric tariffs (solar and spot

market) promote investments in storage technologies since they provide economic opportuni-

ties to generate profit for the building owners. The capacity tariff promotes investment in stor-

age, but the main function this is to reduce consumption peaks by curtailment. The block rate

tariff promotes smaller PV penetration (thus, PV capacity) and battery capacity but achieves a

self-sufficiency level similar to the reference case. As pictured in Fig. 15, these considerations

have an impact on grid usage behavior. In particular, the grid usage ratios are higher (regard-

less when importing or exporting) for both the spot market and solar tariff. It is especially

pronounced for the spot market case. Conversely, capacity tariffs significantly drop the grid

usage ratio for import, while the block rate tariff reduces both. Fig. 19 illustrates these obser-

vations. This figure allows us to distinguish between three types of grid user: the exporters,

who have a grid usage ratio for export above 1 and even reduce their import grid usage by

covering their own consumption; the energy traders, who buy or sell energy to maximize their

profit and who tend to keep to their grid usage ratio for import and export above 1 (if the grid

usage for export is below 1 it means that their own consumption dominates their generation
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Figure 17: Self-sufficiency level against the battery autonomy ratio.
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Figure 18: Ratio of energy curtailed and PV penetration. In the inset, the bars are the weekly ratio of

energy curtailed (left axis) and lines the weekly minimum tEXP (right axis).
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capabilities); and the low grid users, who reduce both grid usage ratios, thus interacting less

and less with the network. Almost all buildings fall in this category for the block rate scenario.

The following will show how these local design and operation adaptations affect the network

operational metrics.
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Figure 19: Export power ratio vs import power ratio.

Low-voltage grid impact

In order to have a complete overview of the grid reaction to the different tariff scenarios (in

which PV installations and batteries are always present), two additional scenarios are added.

The first considers only the original load without any investment in PV or batteries; the second

considers that all roofs are covered with PV (regardless of the profitability of such a decision)

but with no investment in batteries. These two scenarios set the upper and lower bounds to

the grid impact metrics.

The load duration curve in Fig. 20 highlights the violation of the transformer power capacity

for reverse power flow. All scenarios, except the load-only case, experience a maximum power

flowing from the low-voltage side to the high-voltage side above 400 kW. The block rate, helped

by a significantly lower installed PV capacity, has the lowest maximum reverse power, but a sig-

nificant number of hours are above 400 kW. The most-demanding scenario is the spot market

scenario which has the highest power demand and the highest injection power. The solar tariff

also shows a significant increase in power demand compared to the other scenarios. This has
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direct consequences for the level of loading of the lines (ratio between current and the maxi-

mum nominal current of the line). Fig. 21 shows that line loading level is significantly higher for

all scenarios including PV, with the most extreme values attained under the spot market and

full PV scenarios. The block rate tariff helps to significantly reduce the loading level of the lines.

In this case, even the most loaded lines are less congested than in the load-only scenario.
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Figure 20: Load duration curve at the transformer. Dots on the vertical axis indicate the total installed

PV capacity per scenario. The nominal transformer capacity is 400 kW. Negative values indicate power

flow from the high-voltage toward the low-voltage side.

One of the main concerns of grid operators regarding high PV penetration is to keep voltage

levels to a value as close as possible to 1 p.u. As a matter of fact, scenarios, except the spot

market scenario, fulfill the criteria EN50160, meaning the voltage levels fall within +-10% of

the nominal voltage for 95% of each week. When considering only the case when the voltage

deviations exceed 1 p.u, Fig. 22 demonstrates the effectiveness of the capacity and block rate

tariffs in terms of load management, as both lower the deviation of the most sensible bus

compared to the reference and full PV case. Note that the load-only scenario is not displayed

in this figure because the voltage levels never exceed 1 p.u. Alternatively, when the load level

is below 1 p.u (Fig. 23), only the spot market case significantly increases the voltage deviations.

These observations highlight that advanced tariff structures can have two competing impacts.

On the one hand, they help to mitigate the grid impact of distributed generation by promoting

either small PV installations or moderate grid exchange. On the other hand, they can bring
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Figure 21: 95th percentile of the line loading level.
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Figure 22: Voltage deviation distribution, when above 1 p.u

economic opportunities for significant investments in batteries and PV capacities but may in-
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Figure 23: Voltage deviation distribution, when below 1 p.u

crease the pressure on the grid. The most-concerning aspect is the transformer capacity to

bring the excess power from the low-voltage side to the upper level. Over/under-voltage and

overloading of the lines are in this case far less concerning. Although each scenario has been

carefully calibrated to globally keep the same total cost (with respect to the reference case)

for all buildings, it is worth investigating the levelized cost of energy (LCOE) served in order to

make sure that the resulting systems do not actually suffer from a net increase in the energy

price.

Economic aspects

In the load-only scenario, the LCOE is 21 cts/kWh (corresponding to the import tariff of the

reference scenario), while the LCOE can become higher in the full PV scenario, showing that

an over-investment can occur and explaining why, in the reference case, some roofs are not

covered with PV. Additionally, in the solar and spot market scenarios, only a small fraction of

the buildings has an LCOE exceeding 21 cts/kWh, while the large majority would gain from

switching to these tariff structures. For the capacity tariff scenario, a significant fraction of the

buildings has an LCOE higher than the reference value, showing that, despite its positive impact

on grid operation, such a tariff comes with a price for some building owners. The block rate

scenario, though less prone for PV and battery investment, presents an LCOE lower than the

reference values for all buildings. The design of such a tariff is a matter of compromise and
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there is an apparent lack of literature for designing a block rate tariff in the specific scope of

promoting distributed renewable energy and mitigating grid impact.
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Figure 24: Levelized cost of energy per scenario.

Discussion

Our study performs the optimization of 41 buildings under five different tariff scenarios, includ-

ing three volumetric tariffs, one combination of volumetric and capacity tariff and one block

rate tariff. The resulting systems vary in term of installed PV capacity and battery capacity.

The highest PV penetration is achieved with the capacity tariff while this scenario significantly

reduces the voltage deviation and the line loading level. Volumetric tariffs, with high price

volatility such as in the spot market scenario, lead to more investment and profitability of the

batteries but also increase pressure on the network. Although the block rate scenario pro-

motes smaller PV installation, it achieves the smallest median cost of providing energy for the

end-users (from 18 cts/kWh in the reference case down to 14 cts/kWh). It reduces the 95th

percentile of the positive voltage deviation of the buswith the larges deviation from 6% to 3.6%

and reduces the maximum reverse power from 1060 kW to 550 kW, remaining above the 400

kW nominal power of the transformer. Further studies will elaborate on the design of block

rate tariffs to mitigate network impact and incentivize high penetration of PV. The effect of a

growing penetration of electric vehicles and heat pumps will also be considered.
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4.4. Model predictive control (MPC)

The use of predictive control techniques (MPC), in contrast to standard rule-based approaches

(RBC), significantly improves the integration of distributed generation units, showing an in-

crease of as much as 27 percentage points in self-sufficiency for configurations with high PV

penetration [34, 33]. Similarly, from an economic perspective, the rise in autonomy decreases

the related operating expenses, particularly for larger, ill-sized distributed generation capaci-

ties (Figure 25).

Moreover, studies have confirmed that the use of a centralized predictive control approach to

operate building energy system improves the community performances[26].

Finally, the use of a predictive model-based control method allows for the scheduling changes

with respect to an initial demand profile, hence representing a virtual battery from the power

network perspective (BES) [23].

Figure 25: Pareto fronts for a single-family home when applying MPC (circles), RBC (diamonds), and

MPC with a tight GM constraint (squares) - Source [34])

.
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4.5. Load curtailment in the power grid

Figure 26 shows the effect on the load duration curve at transformer TR3716 of power curtail-

ment done by the inverter. The current system is comparedwith two future scenarios, including

photovoltaic pannels (PV), heat pumps (HP), batteries and cogeneration fuel cells (SOFC). Cur-

tailment is obtained by forcing the grid multiple ratio of buildings (Equation 7) with a threshold

value of εGM=2. This shows that the electrification of the district energy system with heat

pumps, PV pannels and cogeneration engine requires the implementation of ancilliary services

and/or investment in the transformer.

Figure 26: Load duration curve without (solid line) and with grid constraint (dotted lines) with a grid

multiple of 2.

4.6. Building to district control MPC

The increase of performances of district-scale approach for multi-building energy system has

been demonstrated by [26]. It is shown that, for the same services, better integration of dis-

tributed energy technologies can reduce the import from the grid from more than 15%. To

achieve this performance, it is important not only to operate, but also to design equipment

and storage at the district level (Figure 27). Simultaneously, applying district scale model pre-

dictive control reduces the operating expenses by 6-8% compared to building based control

approach.
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Evolution of the grid

-15% import from the grid

Figure 27: District versus building’s scale MPC. Upper figure: investment in equipment when sized at

buildings scale (left bars) and district scale (right bars). Lower figure: self-sufficiency when the same

system is (C) designed and operated at building scale, (B) designed at building scale but operated at

district scale, (A) designed and operated at district scale.
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5. Conclusion

Based on an analysis of the possible ancillary services for the low voltage grid in line with build-

ing to district and district to grid approach, local automatic voltage control and centralized au-

tomatic voltage control have been identified as the most effective ancillary services for the RE

Demo site. Therefore, advanced electricity tariff structures, model predictive control (MPC) at

building scale, load constraints in the power grid and building to district control strategies have

been implemented using multi-objective mixed integer linear programming (MILP) methods.

Themethod has been applied to forecast bus voltage, line loading and the load at district trans-

former for different energy system configurations with increasing self-sufficiency ratio.

The load-duration curve highlights three distinct cases: (i) the system relies heavily on the sup-

plied power from the higher grid level (ii) the addition of PV, heat pumps, and in a moderate

measure, batteries, significantly reduce the energy dependency of the low-voltage grid on the

higher grid level (iii) the high penetration of PV and batteries creates a detrimental effect on

the grid, highlighting the need for ancillary service in the grid.

The performances of the proposed ancillary services have been evaluated using a flow solver:

Advanced electricity tariff promotes smaller PV installation, it achieves the smallest median

cost of providing energy for the end-users (from 18 cts/kWh in the reference case down to 14

cts/kWh). It reduces the 95th percentile of the positive voltage deviation of the bus with the

larges deviation from 6% to 3.6% and reduces the maximum reverse power from 1060 kW to

550 kW, remaining above the 400 kW nominal power of the transformer.

Model predictive control in contrast to standard rule-based approaches (RBC), significantly

improves the integration of distributed generation units, showing an increase of as much as 27

percentage points in self-sufficiency for configurations with high PV penetration.

Load curtailment constraints (grid multiple, usage and PV curtailment) have been imple-

mented in the MPC strategy providing a mechanism to avoid overloading without grid rein-

forcement.

Building to district control can reduce the import from the grid from more than 15%. To

achieve this performance, it is important not only to operate, but also to design equipment

and storage at the district level.

As shown in previous applications [11], the implemented MILP-based algorithm can be de-

ployed in control boxes developed using open-source standards, such as mikrobus4.

4https://www.mikroe.com/mikrobus
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