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Abstract: With the increasing use of renewable energy, the energy flexibility of buildings becomes
increasingly important regarding grid support. Therefore, there is a need to describe this flexibility
in a concise manner. For the characterization of building energy flexibility, flexibility factors can be
used. The comparison of a selection of existing flexibility factors shows that they are not easy to
use or understand for designers and users. A simplification is necessary. The aim of this study is to
introduce a flexibility classification that is easy to understand and shows in an easy way if a building
already uses the lowest energy cost level or if further improvement is possible. The classification
expresses the annual energy costs in colored classes: green (class A) for lowest up to red (class D)
for highest level. Basically, the flexibility classes can be derived for any metric of interest, in this
paper examples are shown for energy costs and COzeq emissions. The results given are based on the
simulation of load management scenarios with different penalty signals applied for the heat pump
operation of a residential building.

Keywords: energy flexible buildings; flexibility factors; flexibility classification; heat pump control;
penalty signals; load management; demand response; energy cost; CO?_eq emissions

1. Introduction
1.1. Background

The worldwide increasing temperatures have an impact on natural and human sys-
tems. It is assumed, that the global warming is likely to reach 1.5 °C above pre-industrial
levels between 2030 and 2052 if the current rate continues [1]. The European Green Deal
is the European Union’s concept against climate change [2]. The three targets are (a)
climate-neutrality by 2050 (b) engagement of citizens and all parts of society (c) reduc-
tion of greenhouse gas emissions by at least 55% below 1990 levels by 2030. The Green
Deal requires a transformation of the energy supply from fossil fuels to renewable en-
ergy. This increases the use of wind and solar energy. Their fluctuating power generation
requires changes in the electric power system [3]. Moreover, as the penetration of heat
pumps [4] and photovoltaic systems [5] increases, buildings increasingly challenge the
electric power system.

To balance variable energy supply and consumption, flexibility is needed. Flexibility
can be provided by equipment and operation of buildings. Residential smart appliances
(washing machines, tumble dryers, dishwashers, domestic hot water buffers and electric
vehicles) can be used for flexibility [6], but only a very limited amount can be shifted
through the control of domestic electrical appliances [7,8]. Both thermal and electrical
storage can be used for flexibility. The use of thermal energy storage like water tanks [9] and
thermal building mass [10] are common. In [11] it is stated that the size of the storage tank
and the temperature difference between the in- and outlet of the storage tank have a large
impact on flexibility. Less common are phase change or thermochemical material tanks [12]
and the effects of internal thermal mass like furniture [13]. The building envelope insulation
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level has the largest impact on shifting heating energy followed by thermal mass [14].
Buildings with a low heat demand can shift smaller amounts of energy with a delay of
several hours while buildings with a high heat demand have a higher shiftable heating
load but only for a short time [15]. Electrical energy storage increases self-consumption of
photovoltaic yield [16]. Electric load shifting with pre-cooling of residential buildings can
also reduce peak load demand [17]. The study focusses on low thermal mass residential
buildings, such as timber-frame houses typical for the US. With different pre-cooling
strategies at least 50% of the on-peak cooling loads can be shifted away from the peak
period window 4-8 pm. A comparison of four storage options (batteries, fuel switch,
water tanks and thermal building mass) for an office building is given in [18]. Batteries are
reported to be the most effective and efficient option both in the heat pump and CHP
system. The load shifting potential of batteries is related to the capacity. Fuel switch for
peak demand improves grid support but increases gas consumption, also. The flexibility
based on water tanks depends on the ratio of thermal storage capacity and thermal power
of the heating system. With a CHP smaller water tanks can be used compared to a heat
pump system. Large amounts of thermal energy can be stored by thermal mass with a
high-inertia heat emission system (concrete core conditioning). Due to the low temperature
differences this is preferable for heat pump systems.

There are different methodologies to quantify the energy flexibility of buildings. They
have in common that the energy consumption can be delayed or anticipated, usually
based on a “penalty signal”. The flexibility can be qualified by the shifted amount of time
and power [19]. In general, the basis for flexibility is a building with a heat pump and
a photovoltaic system. Load management makes it possible to use the different storage
options for operating the building in a grid supportive way. The penalty signals can be set
by the grid suppliers, e.g., price, COzq emissions or primary energy. Advanced control
systems will operate the building based on the chosen penalty signal. The load will be
shifted, e.g., to times with low energy prices or CO,¢q emissions. Different examples
(33 cases) of the use of flexibility in buildings are given in [20]. To obtain energy flexibility,
a wide range of control strategies are used. Flexibility can be obtained e.g., with a simple
on/off control of a heat pump during a daily predefined period. A more complex control is
a rule-based control that contains some restrictions such as switching the heat pump when
the electricity price is below a certain limit or forcing the hot water tank to overheat when
there is a photovoltaic surplus. Including weather forecasts or occupancy behavior a model-
based control is needed. In [20] the examples are 57% rule-based, 37% model-based and 6%
use other sources for flexibility. Different control strategies and algorithms are explained
for 12 cases in [21]. A very broad overview of characterization and quantification methods
and applications of flexible buildings is given by [22].The buildings flexibility potential can
be found by simulation, experimental or real life set up’s and can be expressed in flexibility
factors [23]. In general, three types of energy flexibility can be observed: (a) the temporal
flexibility, (b) the amount of energy or power that can be shifted and (c) the associated cost
of activating the flexibility [24]. In [25], flexibility factors are introduced which express the
flexibility in regard to load-shift ability, power adjustment potential, energy efficiency and
cost efficiency for single buildings. Most of the factors compare two cases: without/with
load management. Flexibility factors can also be used for building clusters [26]. A data
driven model that simulates a generic building cluster is introduced in [27]. When the
number of buildings increases, the uncertainty of the energy flexibility decreases.

1.2. Motivation

As mentioned above, several studies were done in regard to energy flexibility, but
in general each study uses one approach only [10,18,28]. A compilation of 20 different
flexibility factors for single buildings is given in [25] and in [26] 16 flexibility factors are
listed for building clusters. Previous studies found focus only on one flexibility factor
each or list flexibility factor values without further information about validation ranges
and examples. The study reported on here, however, evaluates a selection of flexibility
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factors based on the same building and HVAC system. This allows a comparison of the
usage of different flexibility factors regarding clearly defined validation ranges and metrics
used. Based on the comparison, the validity of the results and ease-of-use for designers is
assessed. Such a comparison and assessment are missing to date.

A key aspect is to determine a factor or derive a classification which is easy to un-
derstand and use in the design and operating phase. An easy-to-use factor/classification
increases the knowledge and awareness of building flexibility performance and can foster
the ongoing energy supply transformation.

1.3. Specific Objectives

The energy flexibility of a small multi-family dwelling in regard to the demand re-
sponse aimed at optimizing towards different penalty signals is evaluated. Following
penalty signals are considered: electricity costs (high/low tariff, spot market prices), COzq
emissions and self-consumption. The optimization is realized by controlling the heat pump
accordingly. The penalty signals’ impact on different ratings is shown. The flexibility is
expressed in different flexibility factors. These factors are compared, and their applicability
is evaluated. Based on the findings, a new flexibility classification including a correspond-
ing Flexibility Classification Factor (FCF) is developed and introduced. Together, they
express the energy flexibility and related energy cost, CO5¢q emissions or other metrics of
the building to the designer and/or building user in a more readily usable way. The study
does not focus on increasing the energy efficiency but focuses on using flexibility.

The paper is structured as follows: In Section 2 the methodology is introduced along
with the investigated building, flexibility factors, penalty signals and control strategies.
Then, in Section 3 the results for the flexibility factors are presented. Next, in Section 4 the
results for the flexibility factors are analyzed and the new flexibility classification and a
corresponding factor is introduced. Finally, the last section concludes the findings of this
study and outlines plans for future work.

2. Methodology
2.1. Multi-Family Dwelling

The studied multi-family dwelling comprises three apartments with a heated area of
320 m?. The building has a high thermal insulation level (Swiss label Minergie-P) and a
high thermal mass based on a concrete and aerated concrete construction. The thermal
building simulation model is validated with monitored data [8,29-31]. After validation,
the internal loads are changed according to Swiss Standard values [32]. The mechanical
ventilation has a heat recovery value of 80%. This leads to an annual space heating of
15.4 kWh/m?2. Basic values of the building are shown in Table 1. The inverter-controlled
ground-source heat pump (min./max. 5-18.5 kW) has a nominal power of 8.8 kW with a
coefficient of performance of 4.9 (B0/W35, part-load operation at 50 Hz). The reference
characteristic is derived from a CTA Optiheat model [33]. The ground-source heat pump
model used is based on the air-source heat pump described in [34]. The heat pump provides
the heat required for heating and domestic hot water.

The domestic hot water tank (800 L) is heated daily in two different block times (1 h
and 2 h duration). The daytime of the two block times depends on the penalty signal. The
source temperatures of the heat pump and freshwater are based on monthly mean values
given in Figure 1. Each Saturday, the domestic hot water tank is heated up for 2 h to 65 °C
for Legionella protection. During the remaining time the tank is heated to a maximum of
53 °C. The daily overall tank heating duration of 3 h is sufficient. The tank temperature
stays mainly between 45-50 °C. Only during a few hours the temperature drops down to
40 °C, which still ensures a sufficient tap temperature. The stochastic water draw profile
method of ESP-r is used [38]. The total daily draw amount is set to 175 L of hot water.
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Table 1. Properties of the residential building [35].

Property Value
U-value, ext. walls 0.12 W/(m? K)
U-value roof 0.09 W/(m? K)
U-value floor 0.10 W/(m? K)
U-value windows 0.75 W/(m? K)
g-value, windows 50%
Glazed part of wall (area rated) 23%
Solar control (blinds) Not applicable
Shading (surrounding buildings) yes
Thermal capacity (with Rg;), [36] 63 Wh/ (Mm% NetFloorarea K)
Const. air exchange rate (mech. ventilation) 0.39h1
Climate, [37] DRY Buchs-Aarau (CH)
16
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12
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source temperature, °
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mground @9.5°C m freshwater @ 12 °C
Figure 1. Monthly and annual mean source temperatures for ground-source heat pump and freshwater.

The real building is equipped with a roof mounted photovoltaic system of 20 kWp
and a slope of 10° facing south.

2.2. Penalty Signals
2.2.1. Selection

In this study, the penalty signals “electricity price” and “CO,¢q emission” are used.
The objective for the price-based penalty signal is to shift the heat pump operation in times
with low electricity prices to minimize the electricity costs. Two scenarios are considered:
(1) high/low tariff (daily block values) and (2) spot market prices. CO,¢q emission efficiency
is the goal of the COy¢q driven penalty signal. The load management shifts the electricity
demand for the heat pump operation to times when CO5¢q emission levels in the grid are
low. The additional aim for a building with a photovoltaic system is to achieve a high
level of self-consumption. In this case the penalty signal for the heat pump operation is an
allowed time span during the day.

2.2.2. High/Low Tariff

Today, energy suppliers in Switzerland typically offer high and low tariffs for elec-
tricity consumption. The tariffs differ slightly between suppliers. In this paper, the tariffs
of [39] are used (Table 2). To minimize energy costs with such a high/low tariff the main
consumption must occur during the night.
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Table 2. Low and high tariff for 2020 incl. tax. [39].

Rariff Electric Energy Levies Total
[Rp/kWh] [Rp/kWh] [Rp/kWh]

Hight tariff

Monday-Friday 6 a.m.-8 p.m. 880 27.99 36.79
Low tariff

all other times 7.15 15.35 22.50

Flat tariff (24/7) 7.95 26.30 34.25

feed in tariff for PV yield - - 14.00

2.2.3. Spot Market Prices

As no Swiss spot market prices are available at the time of the study, 15-min spot
market prices from Germany for the year 2015 are used [40]. Figure 2 shows the monthly
mean spot market prices for each hour of the day. There is no clear seasonal trend for
low /high prices. The spot market prices are mainly low during the night (green color) and
high during the day (red color). With the penalty signal of spot market prices, the goal is to
use the energy in low price periods. In general, it is favorable to operate the heat pump
at night and early in the morning. Also, a short window during early afternoon shows
low spot market prices. As the spot market prices are pure energy prices and all levies are
missing, the energy prices are supplemented with the levies for the flat tariff of (Table 2)
for the sake of comparison.

hourJan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

0 20.4 28.7 234 254 219 254 322 27.8 261 31.1 23.7 187
189 27.6 22.7 225 20.6 23.5 289 259 246 29.7 229 17.8
17.7 26.2 21.7 213 184 21.7 27.0 24.7 234 284 20.7 16.6
17.1 26.2 21.8 219 17.1 20.8 25.2 23.4 225 284 20.2 15.7 Euro/MWh
17.3 26.4 225 23.0 17.8 21.2 253 22.6 224 289 213 15.8 min| 15.7
19.1 281 247 255 19.0 224 276 249 250 313 241 175 20.3
239 350 328 325 238 280 341 306 336 387 29.0 232 24.9
30.8 41.6 37.5 384 293 344 400 351 395 458 37.0 29.8 29.5
329 442 375 406 311 365 416 365 413 484 381 324 34.1
334 434 342 356 286 347 40.7 357 384 475 36.6 32.0 38.7
33.2 416 329 31.2 269 329 383 343 352 445 349 310 43.3
344 40.2 324 295 274 334 381 338 341 430 353 308 47.9
33.0 374 282 265 251 308 359 313 30.7 393 331 296 max| 52.6
32.6 359 27.0 231 229 296 335 29.8 295 385 336 292
31.9 36.0 269 215 215 289 326 28.7 285 381 346 305
329 37.6 288 223 216 284 324 292 293 386 37.1 321
34.7 39.6 30.5 241 220 285 338 30.1 303 40.3 403 350
39.8 46.7 36.8 283 239 315 385 349 350 447 484 393
40.1) 52.6 454 329 274 350 415 383 399 496 476 384
37.7 481 50.6 38.7 31.1 37.6 451 40.2 42.4 515 423 354
31.8 41.0 40.8 41.5 32.0 37.2 435 395 424 447 359 306
28.3 36.0 33.3 381 31.6 36.1 423 384 36.0 386 32.0 27.6
27.7 347 31.8 350 296 354 424 360 316 364 309 27.8
22.8 294 248 29.0 26.0 30.0 37.2 308 269 322 26.7 238

W 00N U WN -
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Figure 2. Monthly mean values of spot market prices for each hour of the day based on 15 min values
per year (green/red color: low /high spot market prices).

2.2.4. COgeq Emissions

Renewable energy but also nuclear power plants cause low COy.q emissions. Since
nuclear power plants are inflexible and are used for base load coverage, one can assume a
continuous base load of COyeq emissions from these plants. The CO,.q emissions on top
depend on the amount of renewable energy in the grid. Therefore, the CO5¢q emissions can
be used as an indicator of the renewable energy amount in the electricity mix of the grid.
Low COzeq emissions are considered to correlate with a high amount of renewable energy.
COg¢q emissions are related to the COpeq coefficients. Low COjq coefficients lead to low
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COneq emissions and vice versa. Figure 3 shows the monthly mean values for each hour of
the day for the COyq coefficients of the Swiss electricity mix in 2015/2016 [41]. The green
color indicates low and the red color high COy¢q coefficients. The lowest COy¢q coefficients
can be seen for the whole month Mai. In general, the COz¢q coefficients are lower during the
summer months May through August than in winter from September to April. The COpeq
coefficients fluctuate during each day. Both low and high coefficients can appear during
nighttime and daytime. However, low coefficients are increasingly found during daytime.
The mean monthly daily course shows the lowest COq coefficients during 6 am-8 pm.
Attempting to draw from the grid during times with low CO,q coefficients favors energy
consumption during daytime.

hourJan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

0/ 030 0.26 0.25 0.20 0.07 0.11 0.16 0.19 0.25 0.32 0.33 0.32
0.30 0.27 0.25 0.20 0.07 0.11 0.16 0.19 0.25 0.32 0.33 0.33
0.30 0.28 0.25 0.20 0.07 0.10 0.15 0.18 0.24] 032 0.33 0.33
0.29 0.28 0.25 0.20 0.06 0.10 0.14 0.17 0.23 032 0.32 0.32 kg CO2eq/kWh
0.29 0.29 0.26 0.21 0.07 0.10 0.14 0.18 0.24 032 0.31 0.32 min| 0.06
0.30 0.29 0.27 0.20 0.07 0.10 0.14 0.18 0.23 031 0.32 0.32 0.10
0.29 0.26 0.24 0.18 0.07 0.09 0.12 0.15 0.18 0.25 0.30 0.31 0.13
0.27 0.22 0.22 0.17 0.08 0.09 0.11 0.14 0.17 0.23 0.26 0.28 0.16
0.26 0.22 021 0.18 0.08 0.10 0.11 0.14 0.18 0.22 0.26 0.27 0.20
0.26 0.21 0.20 0.18 0.08 0.10 0.12 0.14 0.19 0.22 0.26 0.27 0.23
0.26 0.21 0.21 0.19 0.09 0.11 0.13 0.15 0.20 0.22 0.26 0.28 0.26
0.26 0.21 0.22 0.19 0.09 0.11 0.14 0.16 0.21 0.22 0.27 0.28 0.30
0.28 0.22 0.23 0.20 0.09 0.12 0.14 0.17 0.22 0.24 0.27 0.29 max | 0.33
0.28 0.24 0.23 0.20 0.09 0.12 0.15 0.18 0.23 0.26 0.28 0.30
0.28 0.25 0.23 0.20 0.09 0.12 0.16 0.17 0.23 0.27 0.27 0.29
0.28 0.26 0.23 0.20 0.08 0.12 0.15 0.17 0.23 0.27 0.27 0.28
0.27 0.26 0.23 0.200 0.07 0.10 0.13 0.16 0.22 0.25 0.25 0.26
0.24 0.22 023 0.19 0.07 010 0.12 0.14 0.19 0.21 0.22 0.24
0.24 0.18 0.20 0.18 0.07 0.09 0.11 0.13 0.16 0.18 0.21 0.24
0.25 0.18 0.18 0.17 0.07 0.09 0.11 0.13 0.16 0.20 0.23 0.26
0.29 0.21 0.22 0.19 0.08 0.10 0.12 0.14 0.21 0.26 0.26 0.28
0.31 0.26 0.26 0.20 0.09 0.10 0.13 0.17 0.23 0.28 0.29 0.30
031 0.25 0.25 0.20 0.09 0.11 0.14 0.19 024 030 0.30 0.31
031 0.26 0.25 0.20, 0.07 0.11 0.15 0.20 0.25 0.31 0.32 0.32
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Figure 3. Monthly mean values of COpq coefficients for each hour of the day based on hourly values
per year, February—December 2015, January 2016 (green/red color: low/high CO,q coefficients).

2.2.5. Self-Consumption

In the case of self-consumption optimization, the heat pump is operated in such a way
that as much of the solar yield of the local photovoltaic system is used as possible. The heat
pump operates during the day only. This reduces the grid feed-in of the excess yield and
lowers grid draw during the high energy price period.

2.3. Flexibility Factors
2.3.1. Introduction

The buildings’ flexibility can be expressed by various flexibility factors. In this study,
seven flexibility factors are considered. Some of the flexibility factors need a base case and
a penalty-controlled case. All factors illustrate the ability to shift the energy from high to
low prices or COzeq emissions. Almost all factors use rated electricity energy. The rating
parameters are high/low tariff, spot market price or COpq emission. For transparency
reasons, in this paper the flexibility factors are described for energy costs only but remain
the same for COzeq emissions. The factors are all computed for each day of the year and
afterwards aggregated to a yearly value. Table 3 summarizes the main parameters of the
flexibility factors.
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Table 3. Summary off all used flexibility factors.

Flexibility Valid

. . . »
Characteristics Range Grid Supportiy, if ... Which Values are Needed?

Values of electricity / penalty
GSsC >0 <1 (time step), daily sum of electricity,
daily mean value of penalty
Values of electricity (time step),
lowest/highest daily penalty signal
Values of electricity (time step),
first/forth quartile of daily penalty
Values of electricity / penalty

RIB 0-1 Low value
FF -1-1 High value

High pos. value, neg.

FI <1 value = worsenin (time step), base and
- & penalty-controlled case
. Values of electricity (time step),
Sflex 0-1 High value base and penalty-controlled case
. Values of electricity and PV yield
SCR 0-1 High value (time step), daily sum of PV yield
AR 0-1 High value Values of electricity and PV yield

(time step), daily sum of electricity

2.3.2. Grid Support Coefficient (GSC)

The Grid Support coefficient (GSC) [18] compares the electricity consumption rated
with the real-time energy price compared with the daily sum of electricity consumption
rated with the daily mean energy prices as given in Equation (1). GSC is accepted for
values equal to or greater than zero. If the electricity consumption is always in low price
periods, e.g., lower than the daily mean price, GSC is smaller than 1. GSC = 1 means that
the daily electricity consumption is done within the daily mean price. If GSC is greater
than 1 the daily consumption takes place at high electricity prices. In [18] two GSC types
are presented: GSC,,s and GSC). The GSC used in this paper corresponds to GSCps.

?:1(E21'Pi)

GSC = L~
(Z?:l Eéz)'

(=) )

where Eé, is the electricity consumption in time step i, (kWh), and p' the price in time step i,
(Rp/kWh). p = % Y"  p' is the mean value of the price, (Rp/kWh, 100 Rp = 1 CHF Swiss
currency) and n the total number of time steps.

2.3.3. Relative Import Bill

The Relative Import Bill (RIB) [28] compares the achieved reduction of the electricity
bill/costs to the maximum reduction possible as given by Equation (2). The maximum
reduction is computed with the lowest and highest electricity price of the day. RIB is
accepted from [0;1]. The smaller the value, the more electricity is consumed at times of low
electricity prices.

RIB — ?:1(E21'P1) - ?:1(Eéltpmin)
?:1 (Eél 'Pmax) - 2?:1 (Eél 'pmin)

where pyin /Pmax: highest and lowest electricity price of the day, (Rp/kWh).

(=) @

2.3.4. Flexibility Factor (FF)

The Flexibility factor (FF) [10] uses the price classification in daily price quartiles given
in Equation (3). The electricity price is divided in three categories: low, mid and high price.
A low price corresponds to a price in the first quartile (price < 25% of all prices during
one day). A high price is defined to be higher than the third quartile (price > 75% of all
prices during one day). In [10] the quartiles are evaluated over two weeks. In this paper the
quartiles are computed daily to control the heat pump according the real pricing. The range
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of FF is from [—1;1]. If the heat pump operates equally in times with high and low prices
FF = 0. FF = 1 when consumption occurs only during times with low prices. Electricity
consumption with high prices leads to FF < 0.

Yo (E il'Pi) —Xiz1 (Eé
FF =
n Zl’l

i>>q3
L (E),, (=) ®)

1'P

where g1/43 are the first and third quartile.

2.3.5. Flexibility Index (FI)

The Flexibility Index (FI) [42] compares a base case with a penalty controlled case
(Equation (4)). FI is defined for values less than or equal to one. Values < 0 mean that the
penalty-controlled case operated by higher energy cost than the base case. These cases are
not preferable. The target is a high positive value whenever possible closed to one. The
higher the value the more energy is shifted compared to the base case.

Z?:l (Eél 'pi)ﬂex

FIl=1-2— 2
Y1 (BerP') e

(=) @

where flex /ref: case with/without penalty control.

2.3.6. Shifted Flexible Load (Sg,y)

The Shifted Flexible Load (Sgy) shows the amount of shifted energy of a penalty
controlled case compare to a base case [43]. Sg,y is defined in the range [0;1] (Equation (5)).
A value of 1 means that all electricity is shifted compared to the reference case, a value of 0
indicates that no electricity is shifted.

Y. max (Eél,ref - Eél,fzexf 0)

Sflex = (_) ©)

n i
Yiz1 Eel,ref

2.3.7. Self-Consumption Rate (SCR) and Autarky Rate (AR)

The Self-Consumption Rate (SCR) shows the amount of directly used PV yield in
the building (Equation (6)). The Autarky Rate (AR) describes the amount of electricity
consumption that is directly covered by PV yield (Equation (7)). Both parameters have the
range from [0;1] (Equations (6) and (7)). The higher the value the more PV yield can be
used directly.

SCR = Z (6)
P Vylzeld
n SCZ
AR = E (7)
where SC' = min (E! o P yl ol d) is the self—consumpt1on in time step i, (kWh) and PV yl iold 1S

the PV yield in time step i, (kWh).

2.4. Control Strategies and Evaluation Criteria

The merit of the heat pump control is investigated for five different penalty signals
(Table 4). Each result is computed with the three ratings: high/low tariff (HTLT), spot
market price (SPOT) and COzeq emissions (COxq) and analyzed for each flexibility factor.
Only the electricity consumption for the heat pump is analyzed.
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Table 4. Investigated penalty signals for heat pump control [44].
Penalty Sienal Allowed Operation Times for Heat Pump Block Times for Domestic

Y18 (without Block Times for Domestic Hot Water) Hot Water

DEMAND On demand (base case) 5-6 am., 1-3 p.m.

LT Low tariff only, this excludes Monday to Friday 6 a.m.—8 p.m. 4-6am., 89 p.m.

SPOT_05 When spot market price < daily mean price 2-4 a.m, 2-3 p.m.

CO2_05 When C02eq emission coefficient < daily mean coefficient 89 am., 6-8 p.m.

DAY Block time during daytime: 7 a.m.—6 p.m. 5-6 am., 1-3 p.m.

Regarding the photovoltaic system three scenarios are considered:
no photovoltaic system
small photovoltaic system: PV yield can cover the annual electricity demand of the
heat pump (3 kWp: yield 2950 kWh/y, demand: 2700 kWh/y)
e large photovoltaic system: system of the real building (20 kWp: 18590 kWh/y)

It is assumed that the PV yield can be completely used for the heat pump when needed.
It is also assumed that the heat pump has a base load /standby of 10 W when it is “off”.

2.5. Numerical Setup

The simulations are carried out using the dynamic thermal simulation program ESP-
r [45]. The model consists of 15 thermal zones. Explicit models of the modulating heat pump
and the domestic hot water storage are used. The heat pump run time control according
to Table 4 was set up in the plant domain using pre-defined temporal data profiles for
high-low tariff, spot-market prices and CO,.q emissions coefficients. The flexibility factors
are calculated in the post processing.

Figure 4 shows a control example of one simulated winter day with the penalty signal
SPOT_05. The orange line represents the daily mean spot market price, and the heat pump
is allowed to run for heating if the current spot market price (blue line) is below this
line. The yellow line shows when the heat pump is on/off for heating. If needed, longer
on-periods would have been possible during the early morning hours. Also, three short
periods were not used during the day. The DHW generation is during the allowed times
(green line). The same methodology also applies to the other penalty signals. The controls
presume that the penalty signal values are known in advance. Additionally, it is verified
that the operative temperatures of all zones are always above 20 °C.
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Figure 4. Example for the penalty signal SPOT_05.

The time resolution is 5 min for the building behavior and 1 min for the heat pump
and thermal behavior of the domestic hot water storage. For the analysis a full year is
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considered. A pre-simulation period of 30 days is used to initialize the thermal conditions
of the building model.

3. Results and Analysis
3.1. Without a Photovoltaic System

The performance of controls based on the proposed penalty signals analyzed for the
flexibility factors is shown in Figures 5 and 6. Figure 5 shows the absolute shifted energy
costs/COneq emissions and relative shifted amount of load for all penalty signals and
ratings compare to the base control. The left figure shows that the penalty signal LT leads
to a large saving when rated with HTLT. This behavior is expected because this penalty
signal corresponds to the rating. When the control LT is rated with SPOT only a very small
amount can be saved. LT means that the heat pump runs during the night only. Although
the spot market prices are mainly low during the night too, the impact isn’t nearly as large
as for HTLT. Therefore, only a small amount can be saved. The nocturnal operation also
means that the heat pump operates in times with high CO5eq emissions. The LT optimized
heat pump control increases the COyeq emissions compared to the base case.
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Figure 5. Savings or additional expenses (left) and relative shifted loads (Sg.y, right) depending on penalty signal considered
and compared to the base case DEMAND.
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Figure 6. Flexibility factors GSC (top left), RIB (top right), FF (bottom left), FI (bottom right) depending on penalty

signals [44].

The SPOT_05 optimization shows marginal savings when rated with HTLT and a
small additional expense when rated with SPOT. This leads to the conclusion that the heat
pump demand is partly shifted into the night and partly shifted to different hours during
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the day compared to the base case. The SPOT_05 optimization significantly increases
COg¢q emissions.

The COz¢q control favors heat pump operation during the day, which means during
low COy¢q emissions periods but more operation during high tariff and high spot market
prices. Optimizing the penalty signal DAY means operating the heat pump during the day
only. Without a photovoltaic system this means that the energy consumption during high
tariff increases. The SPOT rating barely changes between the controls DEMAND and DAY.

The controls LT, Spot_05 and CO2_05 shift approximately 80% of the energy compared
to DEMAND (Figure 5, right). In the case of DAY, only 40% can be shifted. That means that
in the base case the heat pump operates already with a large share during the day.

The general behavior described for Figure 5 can also be found in Figure 6 for the other
flexibility factors. GSC, RIB and FF show the flexibility potential used. If these values are
close to the lower limit for cost or COz¢q emissions, the flexibility potential is exhausted.
Otherwise, there is some potential left:

e DEMAND: GSC and RIB show that the energy consumption is more often in times
with hight than in low tariff (yellow, GSC > 1, RIB > 0.5). High and low tariffs are
counterbalanced in FF (FF ~ 0). The SPOT and COyeq rating is nearly counterbalanced
with a slight tendency towards low tariffs (orange/blue, GSC ~ 1, RIB ~ 0.5 and
FF ~ 0).

e LT and SPOT_05: rated with HTLT and SPOT the consumption shifts mainly to lower
prices but this increases the CO,.q emissions compared to DEMAND.

e (CO2_05 and DAY: the consumption increases with rating HTLT and SPOT but de-
creases with rating COz¢q.

FI includes the comparison of a penalty and base control. Controls and corresponding
ratings show energy shifting to lower energy costs or COeq emissions compared to the
base case. One exception is the control SPOT_05 and the SPOT rating. It shows a slight
increase in energy costs and CO;¢q emissions. The SPOT control and rating barely has an
impact on FI. FI mirrors the course of savings and additional expenses in Figure 5 (left side)
compared to a base case.

3.2. With a Photovoltaic System

Results for the flexibility factors GSC, RIB, FF and FI taking a 3 kWp (left column)
and 20 kWp (right column) photovoltaic system into account are shown in Figure 7.
The production cost for self-consumption is set to 20 Rp/kWh [46] and COpeq emissions
are set to 0.072 kg/kWh [47].

The results with the 3 kWp PV system are very similar to the results without a PV
system. Such a small PV system has a very low winter yield which results in a quite low self-
consumption. The large PV system with 20 kWp results in a higher winter yield which has
a large impact on GSC, RIB and FF rated with HTLT. Due to the higher self-consumption,
which usually takes place at high tariff times, energy costs are reduced, which has a positive
effect on the flexibility parameters. In general, the penalty signals LT and SPOT_05 shift a
large part of energy consumption compared to the base case. The penalty signals CO2_05
and DAY only shift a small part of the energy consumption. The results are mirrored in
self-consumption rate and autarky rate (Figure 8). SCR and AR increase with an increase in
daytime operation of the heat pump:

e  The 3 kWp system shows a low SCR and AR because of a low yield, particularly in winter.
e  The high yield of a 20 kWp system results in a low SCR but clearly in a high AR.

In general, it is found that the price-focused controls shift the heat pump operation
mainly into the night. The CO,¢q emissions and self-consumption focused controls shift
the operation mainly into the day. The most extreme shifts are caused by high/low tariff
and optimization of the self-consumption. Spot market prices and CO,¢q emissions vary
during the day, however not to the extent of strictly grouped high and low values in the
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night or day. Nevertheless, the price controls lead to lower energy costs but higher COxq
emissions and low self-consumption and vice versa.
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Figure 7. Flexibility factor GSC (a,b), RIB (c,d), FF (e,f) and FI (g,h) with self-consumption taken into account obtained with
two photovoltaic systems (left: 3 kWp, right: 20 kWp [44]).
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Figure 8. Self-consumption rate (SCR) and autarky rate (AR) for all penalty signals taking into
account the self-consumption based on the yield of a 3 and 20 kWp photovoltaic systems.
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4. Discussion and Further Development
4.1. Flexibility Factors

Even though the methodology of the various flexibility factors is very different, the
results are very similar. GSC, RIB and FF give information about the cost or CO5q allocation
even if there is only one case available. This is an advantage compared to FI and S, that
always need two cases to be derived. The advantage of RIB and FF compared to the other
factors is that they have ranges of validity which are easy to understand. Minimum and
maximum values are defined. The mean of the minimum and maximum values shows
the counterbalance in costs or COyq emissions. It can be viewed as slightly confusing
that a high value of RIB means high energy costs while a high value of FF means low
energy costs.

Above mentioned factors give different information. GSC, RIB, FF and Sg,, show the
flexibility for a given situation depending on the validity range. If this value is closed to the
lower limit for cost or COgeq emissions (GSC, RIB, FF) or maximum shifted loads (Sg,) the
flexibility potential is exhausted. FI however addresses the savings and additional expenses
compared to a base case. It does not provide information about the flexibility potential.

SCR and AR are only possible when a PV system is available. High values of SCR
and AR indicate that the heat pump operating times correspond with times of PV yield.
In order to be able to interpret SCR and AR, the heat pump demand and PV size must be
taken into account.

The flexibility factors considered so far are based on the fact that a certain value is
exceeded or undercut or has to be increased or decreased. Because of the fixed range
of validity, the factors RIB and FF are basically suitable to describe the flexibility of a
building—but for experts only. For acceptance and widespread use in practice, a more
comprehensible presentation is required. A parameter which provides information both
on available flexibility and savings potentials compared to a base case at the same time
would be preferable. In the following, such a parameter is introduced.

4.2. Flexibility Classification (FC)
4.2.1. Introduction

To describe flexibility in a way that is more useful for practitioners, a flexibility
classification is proposed. This classification immediately shows the total annual energy
costs and whether the energy is mainly purchased at high or low prices. If all energy is
purchased at low prices, the shifting goal is reached. In general, the flexibility classification
includes four classes, A-D, and is based on the daily price quartiles (Table 5). The energy
costs of each class are computed on a daily basis and are then aggregated to an annual value.

Table 5. Flexibility classification based on daily price quartiles.

Class Energy Consumption When Quartile
A price lower < 25% of all prices during one day ql
B price between 25% and <50% of all prices during one day q2
C price between 50% and <75% of all prices during one day q3
D price > 75% of all prices during one day >q3

An example of the flexibility classification without and with load management is
shown in Figure 9. The classification colors make it easy to understand. Green signals
indicate low prices (class A/B) and yellow /red indicate high prices (class C/D). The reader
can directly see the distribution of the energy costs. An all-green result signifies that all
energy consumption is during hours with energy costs less than the daily median value.
This clearly signals that the building in question is flexible. In the best possible case of an
all-dark-green result (class A), the energy consumption is in times during the lowest 25%
of the daily prices. This means the building is very flexible. The lower the red area fraction
is, the lower the energy costs and the higher the flexibility of the building.
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Figure 9. Example for flexibility classification of energy costs (left: absolute values, right relative values). The right side

includes the FC factors.

The classification can be used for one case only or for comparison of different cases.
Therefore, savings and additional expenses compared to a bases case can be derived.

On the right side, Figure 9 also shows the Flexibility Classification Factor (FCF) as
defined in Equation (8), below. The basis for FCF is the assumption that it is desirable to
consume energy only during times with energy costs lower than the daily mean value.
In other words, the flexibility classification must be in the green classes A and B. Thus, FCF
is 100% (=1) when all energy costs are in classes A and B. This corresponds with a high
use of flexibility and a depleted flexibility potential. FC is 0% (=0) when all energy costs
are in classes C and D. In this case, unused flexibility potential is available. The higher
the flexibility of a building, the higher the FCF value. The flexibility classification and
the corresponding FC factor allow to address the flexibility potential and the savings and
additional expenses compared to a bases case. Both parameters can also be used for COzeq
emissions or other penalty signals.

Yy (ELp')q + Xy (ELp') ) + Eig (SChple)
FCF — i=1 1 nql iz'l ln q2 'zil SC (_) (8)
Yiny (Eyep') + X (SCHplse)

where pk : price for self-consumption in time step i (Rp/kWh), 41/42 are the first/second
quartile.

4.2.2. Application without Photovoltaic System

The flexibility classifications and FCF values are shown in Figure 10 for cases without
a PV system. The rating HTLT only shows classes A and D because of the tariff profile
(Figure 10, top). With the rating HTLT and penalty signal LT, the energy cost compared
to the base case can be reduced by —24% (Figure 10, top). The FC factor increases to
96%, because almost the entire energy demand takes place during low tariff periods.
The remaining 4% high price class D includes the standby during periods with the heat
pump switched off. The flexibility potential is used up. Rating with SPOT and penalty
signal SPOT_05 (Figure 10, middle) increases the annual costs by about 2% compared with
the base case but at the same time increases the use of low prices (FCF = 81%). There
is some flexibility potential still available. Looking at rating and penalty signal COseq
emissions, savings of about —9% compared to the base case can be achieved (Figure 10,
bottom). FCF increases to 80%. The flexibility potential is not completely used up.
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Figure 10. Flexibility classification of energy costs (rating HTLT (a,b), rating SPOT (c,d) and COyeq emissions (e,f) without
photovoltaic system (left: absolute values, right relative values). The right side includes the FC factors too.

The different class colors show the cost compositions. The user can directly see if the
heat pump often operates in high price times (orange color) or not. The goal is to operate
the heat pump in low price times (green colors) as much as possible. Cost-controlled cases
have higher FCF values when rated with costs than when rated with CO,¢q emission and
vice versa. Or, generally spoken, if the rating corresponds with the penalty signal, high
FCF values occur.

4.2.3. Application with Photovoltaic System

With a PV system, the flexibility classes A to D are extended with the “class” self-
consumption. FCF includes self-consumption, anyway, as given in Equation (8). The values
obtained with the small 3 kWp PV system are almost the same as without a PV system
(Figures 10 and 11, left). As already mentioned above, the reason for this is the low winter
yield. Considering a 20 kWp PV system the self-consumption increases strongly. This can
be seen in the increased share of self-consumption (SC, blue color) and the decrease of
energy costs and COgzeq emissions (Figure 11, right). The self-consumption increases FCF,
also. One exception is the penalty control LT. When the heat pump mainly runs during the
night, the PV yield cannot be used much.
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Figure 11. Flexibility classification and FC factors of energy costs (rating HTLT (a,b), rating SPOT (c,d) and COp¢q emissions
(e,f) with photovoltaic system (left: 3 kWp, right 20 kWp).

4.3. Generalization of Flexibility Factors and Classification

All discussed flexibility factors are based on values which can be derive from any
building. Each building has an electricity demand and at least electricity prices will be
available. The factors can also be used for buildings without a heat pump. The increasing
use of smart meters makes load profiles more and more available. This data can be
combined with the electricity price, COzq emissions or any other available metric. Smart
home systems can easily show daily, weekly, monthly and annual flexibility factors. The
advantage of the newly introduced flexibility classification and corresponding factor over
the other flexibility factors is that it makes it very easy for the user to classify the building
performance. The aim is to reach a classification factor as close to one as possible, readily
identifiable by the user due to a high ratio of green coloured classes A and B in the
evaluation. For any building which features a PV system, the self-consumption (blue
coloured class) can be evaluated. The added value of the classification is that not only
that the flexibility potential can be described, but also savings and additional expenses
compared to a base case can be derived.

The flexibility factors and classification discussed in this study can not only be used
for single buildings but also to describe or classify the flexibility of a cluster of buildings.
They are not limited to residential buildings.

Basically, it is entirely possible to adapt the factors and classification to parameters
other than electricity consumption, e.g., heat consumption or power. The flexibility factors
and classification can be widely used.
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References and Notes

5. Conclusions and Future Work

To quantify the flexibility potential a number of flexibility factors are analyzed and a
new flexibility classification and corresponding factor is proposed. For the analysis, load
management of a heat pump in a small multi-family dwelling is used. In general, it is
found that the price-focused controls shift the heat pump operation mainly into the night.
The COy¢q emissions and the self-consumption focused controls shift the operation mainly
into the day.

All flexibility factors considered give the same general flexibility results, despite
different calculation methodologies. But the practicability of these factors varies due to
different limit values. Only RIB and FF have defined minimum and maximum values
which makes them easier to understand compared to the other factors. However, for
acceptance and widespread use in practice, a more comprehensible presentation is required
and a new flexibility classification and corresponding factor is proposed. The flexibility
classification divides the energy costs or C02eq emissions into four classes, A to D, from
low to high values. These well-defined flexibility classes together with the FCF and the
possibility of a label-like illustration of the classes lead to an added value compared to the
raw flexibility factors. Information about flexibility potential and annual costs or COpeq
emissions are made available. This makes the flexibility of a building more tangible for
designers and building users and thus leads to more understanding and acceptance.

The flexibility factors and classification discussed here can be used both for single
buildings and for building clusters, as they are solely based on electricity demand and a
rating value. Moreover, a heat pump is not necessary, but of course offers flexibility for
load management in regard to a given penalty signal in an electricity-based evaluation.

Further investigation is needed concerning the impact of higher heat demands (lower
insulation standards) on the newly introduced flexibility classification and factor. A high
heat demand necessitates longer heat pump operation times which will be mirrored in
higher electricity costs and lower flexibility. Other aspects such as electrical equipment
and artificial lighting, cooling load or a combination with other energy carries could
be addressed.

Also, the new flexibility classification should be introduced to and discussed with
architects, designers and policy makers. If it is accepted, the flexibility classification can be
used in the design and operation phase. For the future, it is conceivable that a requirement
for flexibility will be imposed as part of a building label, e.g., either by requiring a specific
class (e.g., A or B) or defining a level of FCF to be achieved e.g., FCF > 0.75. Also, ratings
for flexibility, e.g., one star: FCF > 0.50, two stars: FCF > 0.75, three stars: FCF > 0.90
are conceivable.
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