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Abstract

Nowadays, the integration of renewable energy ssuleads to the decentralization of energy
supply systems. In particular, the increase inrsBM collectors and wind turbines has an
important impact on the management of the eletgrgiid, and especially on its balancing,
because of their variability. A possible soluti@ntthe increasing balancing needs is the smart
modulation of the electrical load.

It appears that buildings can become key systemssimart energy management at the
distribution grid level. In Belgium, the residemtianergy needs for space heating and
domestic hot water are mainly met by fuel oil, aslers or electricity supplied by the grid.
The aim of the present research is to assess hectof contrasting penetration scenarios of
technologies such as heat pumps, micro-CHP umésjmal storage systems, PV and solar
thermal collectors on hourly and quarter-hourly gasl electrical load profiles and annual
consumptions of residential buildings. The Belgsiack is chosen to illustrate the applied
methodology.

The first part of this work consists in the develgmt of validated dynamic simulation tools
to predict the electricity and gas consumptionhaf tesidential building stock on a quarter-
hourly basis. The model is based on a bottom-upoagh where the occupants’ behavior is
depicted by stochastic profiles. Calibration of thedel is carried out based on available
Belgian synthetic load profiles.

In the second part, the utility of the proposed elasl illustrated by defining four scenarios:
an electricity-based scenario characterized byrameased use of heat pumps for space
heating and domestic hot water, a solar scenatio mwiegration of PV collectors and a gas
scenario with micro-CHP units. A fourth scenariatthbombines all three technologies is also
investigated. Their impact on the electricity ard grofiles is estimated.

In a future work, the simulation tools will be foer improved to be used for demand side
management purposes and the assessment of peakgshatential at a national scale.

Introduction

Recently, there have been great incentives towHrdsintroduction of renewable energy
sources in the energy supply mix. The resultinged&alization of the electricity production
systems and variability of the renewable productltave an important impact on the
management of the electricity grid and leads togasing balancing needs. It appears that the
smart modulation of the electrical load could bgoasible solution to cope with these needs,
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and in particular, buildings could become key systat the distribution grid level.

Indeed, in Europe, in 2004, buildings consumpticnoanted for 40% of the total energy
demand, among which the residential sector reptedenshare of over 70% [1]. Since 1993,
the International Energy Agency has launched the&real-Side management Programs [2]
which, in terms of building load management, aimgstablish strategies to shift the electric
demand from peak to off-peak periods through th@agament of the utilities use. These
domestic loads, namely energy consumption for shaeting, domestic hot water production
and large electrical appliances (dishwasher, ctothir,...), present an important potential of
modulation. The implementation of such strateglesukl reduce the investments for power
grid reinforcement and be economically profitaldednd-users.

Several studies have been carried out at the bhgilldivel, with particular attention given to
heat pumps coupled to thermal storages. Artecoal. ¢8] presented a study focusing on the
influence of switching off a heat pump coupledhertnal energy storage during peak hours
on the occupants’ thermal comfort and on the atattrload curve in the UK. The same
authors carried out a state of the art of thern@lage systems (TES) for management of
electrical load [4] and their coupling for air-cathing or heating purposes. Usman et al. [5]
investigated different strategies of control ofelkctric Net-Zero Energy Buildings equipped
with heat pumps and photovoltaic collectors wittwithout thermal storage in order to assess
the self-consumption and flexibility potentialswias shown that with proper control strategy,
such system could offer great benefits in termsupiply and demand matching. A different
approach was investigated by Baetens and Saelgnsgh6 presented a study over the impact
on the low voltage distribution grid (transformevedoad, voltage quality,.). of the
integration of heat pumps and PV collectors insadential neighborhood. Twenty-one feeder
configurations were investigated in order to asshespenetration levels from which such
problems would occur and demand side managemdmtitpes would be required.

To the best knowledge of the authors, very fewistutiave considered the investigation of
load management potential in residential buildimgsthe national scale. The aim of the
present research is to assess the impact of congygenetration scenarios of different HVAC

technologies (heat pumps and u-CHP) coupled taonihlestorage systems and PV collectors
on daily load profiles and annual consumptionsesidential buildings. The Belgian stock is

chosen to illustrate the applied methodology. fatare work, the developed tool will be used

for demand side management purposes at a naticalel s

Methodology

The methodology proposed in this study is basedaoso-called "forward bottom-up"
approach. The first part of the work consists ia tlevelopment of a simulation tool able to
simulate the current Belgian housing stock enesgy tn the second part, several scenarios of
HVAC technology penetration are considered.

Forward bottom-up approach

The "forward bottom-up" approach consists in thedating of end-use consumptions based
on a physical description of the components andelepe of a building and in its
extrapolation to larger sets of buildings [7]. Eir@ tree-structure characterizing the Belgian
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residential building stock in terms of buildingseagize, insulation level and energy vectors
was established. This step is further detailed previous work [8]. A set of 992 typical
buildings was described and their respective simatiee current building stock was assessed

(Figure 1).
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Figure 1: Building stock tree-structure

Then, a quasi steady-state building model basedimple normative methods (1ISO13790
simple dynamic hourly building model [9]) was implented. The validity of the model for
the prediction of the heating load was checked gusie BESTEST procedure [10]. The
developed model provides the energy consumptioocagsd to space-heating and domestic
hot water needs. Internal loads related to occupamse of electrical appliances and lighting
are modeled based on stochastic profiles furtheildd in a previous paper [8]. Energy load
profiles are generated for each type of buildingthe sub-mentioned model and aggregated
with their respective share in the tree structarerder to obtain electricity and gas profiles
per average dwelling.

The latest are then compared to available Synthietiad Profiles (SLP) for Belgian
residential end-users [11]. These synthetic prefgeve the real aggregated consumption per
average dwelling of a set of 2500 dwellings. They ehosen statistically to represent the
Belgian residential consumers, and data are prdvisiea 1/4 hourly base for electricity and
hourly base for gas. Good agreement was foundmmstef annual consumption (Table 1) and
average daily profiles (Figure 2) for the refereryaar chosen (2010). However, the 1/4
hourly reproduction remains uncertain for certaitys] especially for electricity use since it
depends on the highly unpredictable occupants\heha

Table 1: Annual consumption - comparison between taget consumption and simulation results for 2010

Annual electricity consumption
[KWh/dwelling]

Annual gas consumption
[MWh/dwelling]

Target consumption 4400 23
Simulation results 4275 20
Relative deviation [%] 3 12

Finally, the evolution of the building stock is estigated until 2030. The tree structure is
consequently modified to include demolition, constion and envelope retrofit options
represented by yearly rates between 2010 and 2080.respective rates of 0.075, 0.9 and
1.3%, the annual consumptions obtained in 20301@r8 MWh/dwelling for gas and 3.55
MWh/dwelling for electricity. These results are rtiened as part of the “Business as Usual”
scenario (BAU scenario) underneath.
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Figure 2: Electricity (left) and gas (right) profiles per average dwelling for an average day in 201Gcemparison
between Synthetic Load Profiles (SLP) and simulationesults.
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Contrasting scenarios for 2030 - models

Three contrasting scenarios and their combinatienrestigated in this work:

* heat pump scenario,
* W-CHP scenario,
* PV collectors scenario.

Heat pump scenario

The heat pump scenario is characterized by anaserkuse of heat pumps for space heating
and domestic hot water production. The heat pum@srendeled using an empirical model
inspired from “Conso Clim” model [12] and fitted tperformance maps provided by
manufacturers. The model predicts the performarafeeat pumps via three different
polynomials. The coefficient of performance (CORY) dhe heating capacity at full load are
predicted as a function the outside air temperastirthe supply of the evaporator and the
temperature of the heating fluid at the outlethaf tondenser.

The criteria to determine if a heat pump can bé&llesl in a specific building is based on a
stationary balance taking into account the buildamgchange rate and the space heating and
domestic hot water loads. Considering residentedt pumps currently available on the
market, the maximum rating power is 8.6 kW und@°€loutdoor air temperature, and must
correspond to 80% of the load in such conditiongya& backup boiler is used in a bivalent
parallel configuration. The priority of the prodiaet is always given to domestic hot water
and the backup is used for space heating when @taimeous demand occurs. For each type
of houses, a choice of a particular technology (lov@dium and high temperature) was done
based on the overall heat transfer coefficienhefliuilding (Table 2).

Table 2: Heat pump technology selection
Overall building U value Heat pump technology
[W/mZK] (Tevgp 'Tcond)
<0.3 Low temperature (7-35)
0.3-0.8 Medium temperature (7-45)
>0.8 High temperature (7-65)

u-CHP scenario

The p-CHP units chosen comprises Stirling engirggsaback up boiler and a storage system
(water tank) and its architecture is representdégare 3 (left). As described by Lombardi et
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al. [13], the system is controlled based on theewink temperature as explained in Figure 3
(right). The units are characterized by 1 kW ofctieity generation, 5.7 kW of heat
generation and a 850 liters storage tank. Startsampl losses ([14] and [15]) are taken into

account by dividing arbitrarily the year in fiveued periods with efficiencies of 96%, 87%,
78%, 87% and 96% respectively.

Two criteria have been used to determine if a u-Cbid be installed in a specific building:
- M- CHP could only be installed in buildings supgli®y gas.

- economic criterion: the use of a u-CHP of 5.7 W cost effective only if it works
more than 4000 hours per year [16].
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Figure 3: Schematic representation of the u-CHP uts architecture and working principle (left) - tank temperature
evolution (right)

Solar photovoltaic scenario

For PV collectors, the most widespread technolagyBelgium so far is first generation
collectors made of poly- or mono-crystal silicon/J1Common simulation models are 5
parameters models function of the cell temperaaackthe total irradiance [18]. This model is
part of the TRNSYS library (type 194), and was usedyenerate yearly performance for
weather conditions in Uccle. The simulation resals shown in Figure 4 (left). Regressions
were applied to these performance curves, andghatiens obtained were used in the present
simulations. Power generated are shown in Figuiregit) for winter and summer at 35° tilt
angle and south and east orientations.

PV collector performance as a function of the total irradiance
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Figure 4: Power delivered to the grid and global diciency of a 1m? PV collector as a function of theéotal irradiance
(left) - power generated for typical winter and sunmer days - 35° tilt angle - south and east orient&ins (right).



Results and discussion

Three contrasting scenarios of penetration of dfie technology have been implemented,
and the results are summarized in this sectiorshtéiuld be noted that no load shifting
strategies have been implemented yet.

Heat pump scenario

In the heat pump scenario, the total penetratitsm irm2030 was set to the maximum value
possible, estimated to 54% with the criteria margtabove. The resulting reduction in final
energy consumption per average dwelling, compatdedAU scenario, reaches only 15% (-
3 MWh/dwelling). The relatively low reduction obsed can be explained by the fact that the
54% of dwellings equipped with heat pumps represeit 25% of the total consumption of
non-electrical energy vectors in the regular BA@rsrio. The seasonal COP is of around
2.75 for space heating and 2.6 for domestic hoemwptoduction. A 14% drop in CO2
emissions is observed.

The electricity share in the energy mix increasgd®%, and the average consumption rises
particularly in the winter and mid-season (Figuje As illustrated in Figure 6, the peak
demand with 54% penetration of heat pumps reache® U86% in average of the regular
demand (BAU) for the month of January and betwe@mno230% in the mid-season. This is
susceptible to prompt important constraints ondieetricity grid. However, the shape of the
load profile remains similar, except during thestfi4 % hours of the day, for which the
planning of the domestic hot water preparationedsf
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Figure 5: Electricity consumption per month per aveage dwelling for BAU and heat pumps scenarios.

u-CHP scenario

Given the economic criteria for the use of a p-Cpiesented earlier, the maximum
penetration rate by 2030 is 14.4 %. Compared tdB#E scenario, the energy consumption
per average dwelling is modified as follows:

* the electricity consumption, defined as the instaabus difference between the
consumption of the dwelling and the power produbgdhe pu-CHP, decreases by
17%,

* the electricity production surplus, defined as tlsbare of electricity not
instantaneously self-consumed in the dwelling, meacl186 kWh per dwelling, i.e.
24% of the electricity produced by the p-CHP unit.

* the gas consumption increases by 11%.
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Figure 6 : Electricity demand per average dwellingdr an average day per month for BAU and different leat pumps
penetration scenarios.
Therefore, if the production surplus is not taketoiaccount, the total energy consumption
per average dwelling increases by 2% and reache& 28Wh/dwelling. The resulting
increase is due to the larger gas consumption damgédoth the decrease in performance of
the CHP unit in the mid-season and in the summegu(€ 7 - bottom) and the increase in the
storage tank ambient losses because of its sizehaiter temperature set points. The
electrical power production is thus more constaming) the winter, and negligible in the
summer (Figure 7 - top). Indeed, in the summer utf@HP only starts in order to reheat the
tank for domestic hot water use, which occurs adoamce a week.
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Figure 7 : Comparison of electricity (top) and gagbottom)consumption per average dwelling in 2030 \th integration
of 14.4% pu-CHP (left) - Tank temperature evolution ad Stirling engine gas demand for summer period (ght)

If the shape of the electricity demand profiles aam similar, the gas profiles, however,
presents a reduction in the morning peak demani. i§hdue to the presence of a storage



tank, which confers a larger inertia to the systemspace heating, hence the diminution
visible in Figure 8.
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Figure 8 : Gas demand per average dwelling for anverage day per month for BAU and p-CHP secnarios.

PV collectors scenario

Currently in Belgium, 6.5% of the dwellings are gped with PV collectors[19]. Scenarios
with respectively 10, 25 and 50 percent of the dng$ equipped with PV collectors were
considered. The installed surface was determine84tan?, based on the average annual
electricity consumption of 3550 kWh per dwellingh€l proportions of orientations were
arbitrarily set to 25 and 75 % respectively forteasd south, and the slope assumed to be the
optimal 35°.

The PV production was withdrawn from the instantarse electrical consumption, and
considered as surplus when exceeding the demarapidduction surplus increases faster
than the demand reduction with the number of iteslatollectors. Therefore, more electricity
is unused simultaneously by the residential seatw released on the grid, with important
consequences on its balancing. Moreover, Figurddvs that most of the PV power is
produced in the middle of the day, whereas the pmeaisumption occurs at night. In the
winter, the PV production is low and a weak projoriof the demand can be satisfied. It can
be noted that there may exist better orientationsptimize the winter production and the
simultaneity with the demand, even though the tataual production may be lower.

Combined scenario

In the combined scenario, the following penetratates are chose:

* 25% heat pumps,
e 10% pu-CHP,
» 25% PV collectors.
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Figure 9: Electricity load profiles per average dayper month for different penetration rate of PV collectors.
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Figure 10: Electricity load profiles per average dayper month for the combined scenario (25% heat pumg 10% p-
CHP and 25% PV collectors).

The energy consumption per average dwelling is ceduby 9% compared to the BAU
scenario and reaches 19.5 MWh. The electricity gamsl consumptions are reduced by 13%
and 6% respectively. The electricity load profilge modified as shown in Figure 10. For the
average day of January, without load planning etjiat, the electricity produced by the PV
collectors and the u-CHP doesn't fully counterbegatine important rise in peak consumption
caused by the introduction of heat pumps.



Conclusions

A bottom-up approach of the Belgian residentialding stock has been carried out. Energy
load profiles have been derived for the refererea Y010. Evolution of the building stock

until 2030 following the current trends (BAU sceoqrhas been implemented, and different
scenarios of penetration of technologies were itny&t®d. For the heat pump scenario, the
analysis allows drawing an important conclusionbyf 2030 most dwellings replace their

traditional boilers by heat pumps without changihg time of use planning of the system,

benefits will be retrieved at the end-users’ schlg, at a macro-scale, with the assumptions
made in this work, the gain is not proportionalthe penetration rate, and the additional
constraints for the electricity grid are signifitafhe latest should be further assessed.

For the pu-CHP scenario, using a common storageftariboth domestic hot water and space
heating causes it to be extremely oversized irstimmer, and limits retrievable benefits. On
the other hand, the electricity production in thater could be easily shifted to meet the peak
demand.

For the introduction of PV collectors, it seemst titi@ south orientation is not optimal to meet
the winter demand, and overproduction occurs in ghemer. A compromise should be
investigated between annual production and simeiitaof production with peak demand.

Future work will be devoted to the establishmentaidulation strategies of the load profiles
to facilitate the balancing with fluctuating rendM&aenergy sources.
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