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Abstract

This article covers a comparative analysis of the potentials and constraints of different heat sources (air, geothermal
boreholes, lake, river, groundwater and solar thermal) exploited by HP systems, implemented in various types of multi-
family buildings (MFB) — new, retrofitted and non-retrofitted — which correspond to real case studies situated in Geneva.
After characterizing the various heat sources and building demands, as well as presenting the numerical model and
adopted sizing values, we study the intrinsic potential of the various HP heat sources and show that the HP seasonal
performance factor (SPF) is directly correlated to the heat source temperature. In a further step we consider comple-
mentary PV production for the HP system, taking into account the available roof area and daily profile match. For build-
ings with a combined space heating and domestic hot water heat demand up to 80 kWh/m?, which correspond to cur-
rent best case buildings (10% of the existing MFB stock in Geneva), combined HP & PV systems should lead to an annual
purchased electricity inferior to 15 kWh/m? (with a factor 2 between best and worst heat sources), with an associated
daily peak load up to 150 Wh/m?2/day. For a demand below 130 kWh/m? (which is the case of 75% of the existing MFB
stock of the Canton), the various combinations of HP & PV systems mainly result in a purchased electricity below 45
kWh/m?. The daily peak load reaches up to 500 Wh/m?/day, or eventually higher in the case of high-rise buildings. Aside
from the final purchased electricity, the annual electricity injected into the grid is in the order of 15 — 20 kWh/m? for
low-rise buildings, and half that much for high-rise buildings (except for solar HP systems, for which the reduced avail-
able roof area for PV leads to significantly lower values). Lastly, SPF alone is not a sufficient indicator for the character-
ization of the HP system performance, since it doesn’t reflect the absolute value of the electricity demand, which pri-
marily depends on the building heat demand. Furthermore, both SPF and annual electricity demand are limited to an-
nual balance considerations. As a complement, an indication of the peak electricity load gives valuable indications of
the potential stress on the grid.

Keywords

heat pump (HP), photovoltaic (PV), multifamily building, heat source, electric grid, system performance indicator



Nomenclature

Abbreviations

ASHP
DHW
GSHP
GWHP
HP
SFB
SHP
SH

ST
MFB

PV

Latin letters

Ageo
Ageo.0
Asol
Asolo
cop

Eapp
Eapp,pv
Edir

E final

E hp
Einject

E, pv

E. self

Esys
Pmax,dem
P, max,dhw
P max,sh
P nom,hp
P nom,sh.0°C
Qdem
Qahw
th
Qhp,dnw
th,sh
th,st
th,hp
Qsh

Qsol, dhw
Qso/, dir
Qsol,hp
Qso/,sh
Qst, dhw
Qst, loss

air source heat pump
domestic hot water
ground source heat pump
groundwater heat pump
heat pump

single family building
solar thermal heat pump
space heating

solar thermal
multifamily building
photovoltaic

geothermal footprint per heated area, taking into account surface availability [m?/m?]
geothermal footprint per heated area, without considering surface availability [m2/m?]
specific solar collector area per heated area, taking into surface availability [m?/m?]
specific solar collector area per heated area, without considering surface availability [m?/m?]
coefficient of performance [-]

electricity, of appliances [kWh/m?]

electricity, of appliances covered by excess PV [kWh/m?]

electricity, direct heating [kWh/m?]

electricity, purchased from the grid [kWh/m?]

electricity, HP [kWh/m?]

electricity, PV production injected into the grid [kWh/m?]

electricity, total PV production [kWh/m?]

electricity, self-consumed PV production [kWh/m?]

electricity, HP + direct heating [kWh/m?]

maximum hourly heat load, DHW + SH [W/m?]

maximum hourly heat load, DHW [W/m?]

maximum hourly heat load, SH [W/m?]

nominal capacity, HP [W/m?]

nominal heat load, SH (at 0°C outdoor) [W/m?]

heat demand, DHW + SH [kWh/m?]

heat demand, DHW [kWh/m?]

HP heat production [kWh/m?]

HP heat production, to DHW [kWh/m?]

HP heat production, to SH [kWh/m?]

HP heat production, to storage [kWh/m?]

heat from heat source, to HP [kWh/m?]

heat demand, SH [kWh/m?]

direct solar heat production, to DHW [kWh/m?]

direct solar heat production, to SH + DHW + storage [kWh/m?]

solar collector heat production, to HP [kWh/m?]

direct solar heat production, to SH [kWh/m?]

storage heat discharge, to DHW [kWh/m?]

storage heat losses [kWh/m?]



Qst,sh storage heat discharge, to SH [kWh/m?]

SPFfinal seasonal performance factor, combined HP and PV system [-]
SPFhp seasonal performance factor, HP only [-]

SPFsys seasonal performance factor, HP system [-]

Sthp upper DHW storage capacity [L/m?]

Stsh SH storage capacity [L/m?]

Stsol lower DHW storage capacity [L/m?]

Tsh.oc temperature of SH distribution, at 0° outdoor temperature [°C]
Tsh.15°c temperature of SH distribution, at 15°C outdoor temperature [°C]
Tsh.off temperature on/off set-point for SH, outdoor temperature [°C]

1. Introduction

Over the past decade, heat pumps (HP) have become a key technology for the increased use of renewable energy re-
sources. Nowadays, the most common HP systems are air source (ASHP) or ground source (GSHP) systems. Neverthe-
less, in view of increasing the system performance, focus has lately been set on combining HPs and solar thermal (ST)
collectors, which in turn rises the issue of competition or synergy between ST and photovoltaic (PV). On the other hand,
massive HP introduction and the associated increase of electricity demand may have an important impact on the electric
grid.

After an overview of existing studies concerning preceding issues, which mainly concern single family buildings (SFB),
we introduce the specific issues concerning HP systems in multifamily buildings (MFB). Within this general framework,
we then present the specific context and objectives of our work.

HP performance indicators

One of the major issues concerning the use of HPs is their associated electricity consumption. The performance of HP
systems is therefore commonly quantified: i) at the level of the HP by the COP and SPFn,, both defined as the ratio
between the heat produced by the HP and the electricity consumed by the HP, COP concerning instantaneous values
whereas SPFrp annual values; ii) at the level of the heating system by the SPF;ys, defined as the ratio between total
system heat production and related electricity consumption, including auxiliary electricity. Several projects have pro-
posed a systematic definition of boundaries for the HP/system balance. A non-exhaustive list includes the SEPEMO-
Build (Zottl et al., 2012) that defines boundaries for the most common HP systems (air, water and ground) and IEA SHC
Task 44 (JC. Hadorn and al, 2015) that focuses on combined solar thermal and HP systems boundaries. In the following
literature review, diverse system perimeters are taken into account, depending on the author and considered system.
SPFys is therefore used in a generic sense. For detailed information on the boundary balance considered in each study,
the reader should refer to the specific reference.

Air and Ground source HP systems

Nowadays, the most common HP systems use air or ground as their heat source (EHPA, 2015, Observ'ER, 2015). Erb et
al., 2004, monitor 199 of such systems in Switzerland, both in new and renovated buildings. They observe, in average,
an annual system performance factor (SPFsys) of 2.7 for the 105 ASHP, and of 3.5 for the 94 GSHP. Similarly, Miara et al.,
2010, monitor 77 HP systems in Germany, the majority with underfloor heating distribution systems. The observed
SPFsys is 2.9 for the 18 ASHP and 3.9 for the 56 GSHP. Huchtemann and Miller, 2012 study a subset of latter monitored
systems, with a focus on existing single-family houses, that were formerly heated by oil boilers. Of these 43 objects, 21
are ASHP, 17 are GSHP with horizontal heat exchangers, and 5 are GSHP with vertical heat exchangers. The observed
SPFsys is, in average, 2.3 for ASHP and 2.9 for GSHP. In comparison, the best systems achieve a SPFsys of 3.0 (air) and 4.0
(ground), which illustrates the high potential of this technology but also the necessity of system optimization.



Besides the aforementioned large-scale benchmarks, comparison of ASHP and GSHP systems is also tackled by simula-
tion studies. For example, Marini, 2013, study the performance of ASHP, GSHP, and groundwater HP (GWHP), in com-
parison to boiler & split systems, applied respectively for heating and cooling seasons, in a low energy residential build-
ing of 15 apartments in northern, central and southern Italy. The results show a primary energy saving of 23% for ASHP,
60% for GSHP and 63% for GWHP (0.187 x 10" tep/kWh conversion factor of electricity into primary energy).

In rare cases, comparison between ASHP and GSHP is achieved by monitoring real scale systems. Safa et al., 2015 present
a performance comparison of a variable capacity ASHP and a horizontal heat exchanger GSHP, both installed side-by-
side in twin houses in Canada. For the ASHP, the achieved COP ranges from 1.79 to 5.0 for outdoor temperature of —19
°Cand 9 °C respectively; for the GSHP from 3.05 to 3.44 for a ground temperature of 2.7 °C and 5.5 °C respectively.

Combined HP and ST systems

In view of increasing the system performance, focus has lately been set on combining HP and ST collectors. Solar thermal
HP systems (SHP) are composed of at least a solar collector field and a HP, but they can also include other heat sources
(most commonly air or ground), storages or other components. Furthermore, they can be used for space heating (SH),
domestic hot water production (DHW), cooling or any combination of the latter. Consequently, their classification can
become quite complex (Buker and Riffat, 2016).

SHP systems are closely analysed by the IEA SHC Task 44 (JC. Hadorn and al, 2015). Frank et al., 2010, propose a system
classification that focuses on the interaction between the solar collectors and the HP (parallel, series, regeneration). An
analysis of the market availability of such SHP systems (Ruschenburg et al., 2013) shows that 61% of the available sys-
tems are parallel only, 6% series only and less than 1% regeneration only; the remaining 33% are a combination of the
different configurations.

The SPFsys documented in SHP simulation studies vary widely depending on system configurations, sizing, loads and
weather conditions (Haller et al., 2014). As an example, for Strasbourg weather conditions, a medium heat demand of
a 144 m? SFB (Qsh of 6476 kWh/yr, Qanw of 2076 kWh/yr, defined in JC. Hadorn and al, 2015) and various system config-
urations and sizing, the SPFsys varies from 3.6 to 5.9 for air + solar HP systems (Carbonell et al., 2014) and from 3.6 to
6.2 for ground + solar HP system (Bertram, 2014). Apart from the SPFss, another performance indicator that is used by
most studies (Bertram, 2014, Carbonell et al., 2013, Carbonell et al., 2014, Lerch et al., 2015, Ochs et al., 2014, Poppi et
al., 2016, Winteler et al., 2014) is the electricity consumption of the system. Some studies also report electricity savings
of the SHP system when compared to a reference system without solar collectors.

Combined HP and PV systems

Regarding the combination of solar and HP systems, one of the emerging question concerns the competition or synergy
between ST and PV.

In this context, Reda et al., 2015 concentrates on the energy assessment of solar technologies, both PV and ST, coupled
with a GSHP for MFB in different Italian localities. Through simulation they were able to understand when to use ST and
with what purpose (heating or ground regeneration) as well as to quantify the added value of a PV system. Ghafoor and
Fracastoro, 2015 address the issue of optimal sizing of multi-purpose ST systems and compare them with a multi-pur-
pose PV-based HP system, both used to cover heating and cooling demand of office buildings. Their simulation results
show that steadily decreasing prices have made PV systems more advantageous, even without consideration of public
subsidies. Ochs et al., 2014 search for the optimum share of PV and ST in combination with an ASHP or GWHP, for low
energy consumption MFB with different SH and DHW demands. The simulation results indicate that, from an energy
point of view, small ST systems are generally favourable compared to PV. From an economic point of view, results
strongly depend on the development of the PV system costs. They also mention that ST systems have a higher complex-
ity, and that the maintenance effort might be over-proportional, in particular for small systems.

Other authors focus on PV and HP only. Beck et al., 2017 develop a mixed integer linear programing model for the
optimal operation, system configuration and sizing of a residential HP system for a SFB in Stuttgart. Fischer et al., 2017
study the influence of different control strategies and boundary conditions on the performance of a variable speed ASHP



in a MFB. Niederhauser et al., 2015 explore the contribution of PV production to reduce the electricity consumption of
a GSHP on a 4 floor office building in Switzerland. The monitoring results indicate that the PV production increases the
SPFsys from 5.3 to 6.9. Franco and Fantozzi, 2016 monitor a combined GSHP and PV system on a SFB in Pisa, in order to
test its performance and its capacity to maximize PV self-consumption. Finally, Hirvonen et al., 2016 compare PV self-
consumption on a SFB in Finland with different heating systems (HP, district heating and direct electric heating).

Impact of HP on the electric grid

The increased use of electricity for HP systems and its key role in decreasing the use of fossil fuels has not passed unno-
ticed.

Luickx et al., 2008 study the environmental impact of massive HP introduction on greenhouse gas emission in different
electricity-generation systems of 4 European countries (Belgium, France, Germany, Netherlands). They show that sce-
narios introducing direct HP heating along with gas fired combined heat and power plants could generate significant
reductions of greenhouse gas emissions, when compared with classic fossil-fuel heating and electric resistance heating.

Several other studies wonder how massive HP introduction could affect the electric grid. Mancarella et al., 2011 tackle
the impact of distributed HP on low voltage distribution networks, by using simulated thermal and electric demands.
Case studies carried out for typical urban and rural areas in the UK show how the impact of an all-electric future with
HP only might be dramatic and call for substantial network reinforcement. In a further study, Navarro-Espinosa and
Mancarella, 2014 tackle the subject by using a probabilistic methodology based on Monte Carlo simulations where real
electricity and heat profiles are taken as a starting point. Sensitivity studies show that the impact of massive HP pene-
tration could be much more substantial in houses with lower insulation than modern ones, and how the use of gas
boilers as auxiliary means (as opposed to electric auxiliary heater) could postpone the need for network reinforcement.
They further notice that the problems appear for earlier penetration levels in the ASHP case relative to the GSHP case.

On the other hand, Love et al., 2017 use the records of the electricity consumption of nearly 700 domestic HP installa-
tions in Great Britain, recorded every 2 minutes, to create an aggregated load profile. They show that HP electric con-
sumption has two daily peaks and that the HP peak load does not match the electric grid peak load. Nevertheless, a 20%
penetration of HP would create a new electric grid peak, and the peak power demand of the grid would increase by
14%.

Finally, Protopapadaki and Saelens, 2017 use probabilistic methods to assess and quantify the impact of HP and PV on
the low-voltage distribution grid, as a function of building and district properties. They use the Monte Carlo approach
to simulate an assortment of Belgian residential feeders, with varying size, cable type, HP and PV penetration rates, and
buildings of different geometry and insulation quality. Amongst other results, they show that high HP penetration rates
would yield overloading and voltage stability problems in feeders designed according to current practice, especially in
rural areas. This impact is smaller for PV, however for an installed capacity that is not intended to achieve zero-energy
balance.

Particularities of multifamily buildings

Out of the preceding studies only 5 concern MFB (Marini, 2013; Ochs et al., 2014; Reda et al., 2015; Fischer et al., 2017 ;
Mancarella et al., 2011). Yet, in Switzerland, 55% of the existing building stock is composed of MFB, against 45% for SFB
(Schneider et al., 2016), which demonstrates the high development potential of these systems. However, although the
market share of HPs in the residential sector grew from nearly zero in the 1990s to about 50% today, only 10% corre-
sponds to MFB (CSD, 2017).

This can be explained by the fact that the implementation of HP systems in MFB is more complex than in SFB (Annex
50, 2017; Rognon et al., 2017), especially because of: i) multiple households, with diluted decision power and related
problems of governance; ii) buildings often located in highly dense urban areas, with limited access to renewable heat
sources other than air; iii) if not threated carefully, noise emissions can easily become a barrier; iv) higher shares of
DHW in overall heat demand and related high temperature, which can affect the HP performance.



As a consequence, the issue of HP systems for MFB is an emerging research field, which still needs specific attention
(Annex 50, 2017).

Objectives

Within this context, a recent study concerns a long term in-situ monitoring of a combined parallel/series air + solar HP
system implemented on a MFB with very low heat demand situated in Geneva (Fraga et al., 2015), which resulted in a
SPFsys of 2.9. In addition, a numerical study allowed to quantify the optimization potential of the specific system, to
investigate the sensitivity to SH and DHW demands, in particular concerning the applicability of the concept in the case
of building retrofit, as well as to define design guidelines for such systems (Fraga et al., 2017).

The present study, which was developed within a PhD thesis (Fraga, 2017), complements latter work by focusing on a
comparative analysis of the potentials and constraints of various HP heat sources (air, geothermal boreholes, lake, river,
groundwater and ST), for different MFB types (new, retrofitted and non-retrofitted), representative of Geneva’s building
stock.

After a characterization of the various studied heat sources and building demands, we present the HP system layouts,
numerical model and adopted sizing values. In a further step we consider complementary PV production, taking into
account the available roof area. Finally, we discuss the potential impact of massive development of combined HP and
PV on the regional electric grid, in terms of annual balance as well as daily peak loads.

2. Heat sources

2.1. Heat source typologies

The HP heat sources analysed in this study are: i) Air; ii) Geothermal (geothermal boreholes); iii) Lake (lake of Geneva,
at a depth of 35 m); iv) River (Rhone river, corresponding to the top layer of the lake); v) Groundwater; vi) Solar (ST
unglazed collectors as HP heat absorbers).

Of these heat sources, air, geothermal, solar and to some extent groundwater are locally available (Table 1). The others
(lake, river, and to some extent groundwater) are regional heat sources, which may not be available at a local building
scale. The spatial constraints of the lake and river heat sources, in relation to the territorial distribution of the heat
demand, are subject to a specific distribution infrastructure. As an alternative to local exploitation by decentralized HPs,
these heat sources could be exploited by a centralised HP connected to a district heating system (not treated in this
study).

Table 1

From these heat sources, geothermal and solar are space extensive, i.e. subject to available roof or ground area in the
premises of the building. At local building scale, the other ones can be considered as unlimited heat sources. Their sole
limitations would be their local availability (existing distribution infrastructure), legislative/normative constraints (e.g
noise levels for air HP systems, environmental protection issues for groundwater) or integration constraints in the build-
ing (e.g. integration of air HPs on roof tops).

Finally, this study doesn’t consider the use of HPs with horizontal ground heat exchangers, trenches, helixes, baskets
(which are highly space intensive and inappropriate for MFBs), nor local or regional waste heat.

Note that, from here forward, whenever the term hydrothermal is referred, it concerns lake, river and groundwater
heat sources.



2.2. Reference year

While standard weather hourly data is readily available for air temperature, wind, and solar irradiation, such is not the
case for the hydrothermal heat sources, in particular concerning the temperatures of deep layers of the lake of Geneva
and of the Rhone river. We hence use the following data sets, which cover the 2006 — 2015 decade.

Concerning the common meteorological variables (air temperature, solar irradiation, wind velocity), archives of contin-
uous acquisition on urban and peri-urban sites is being provisioned on the web by the University of Geneva, for several
decades (Ineichen, 2013). For the lake of Geneva, hourly temperature data of the “Prieuré” fresh water pumping station
(pumped water from a depth of 35 m) was handed over by SIG. For the Rhone river, hourly temperature and flow rate
data is available from the Swiss Federal Office for the Environment (FOEN, 2015). Concerning groundwater, a study with
monitored data (PGG, 2011) shows that the main groundwater areas in Geneva have a temperature between 10 and
15°C, with variations according to depth and season. Due to the lack of hourly data and for simplification purposes, a
constant temperature of 13°C was considered in this study.

To define the most representative year of the decade, the following procedure was adopted for each of the 3 sets of
temperatures (air, lake, river): i) The sorted hourly temperatures profiles were averaged on an hourly basis, yielding an
average sorted hourly temperature profile; ii) For each year of the decade, the actual sorted hourly temperatures pro-
file was compared to the averaged sorted hourly temperatures profile, in terms of the mean square hourly difference.

A statistical analysis shows that 2010 turns out to be the most representative year of the decade (Fraga, 2017). The
corresponding hourly profiles, which will be used throughout this study, are presented in Figure 1. Note that the geo-
thermal borehole temperature, as well as the solar collector temperature fed to the HP, are not presented here, as they
result from the forthcoming numerical simulation.

Figure 1

Air is the heat source with higher seasonal and daily variability, with @ minimum temperature in winter of -5°C and a
maximum temperature in summer of 35°C (in 2010). Next is the river (which is equivalent to the superficial layer of the
lake), with smaller seasonal and low daily variability. Its minimum and maximum temperatures, in 2010, are 4°C and
26°C. The lake (35m depth) follows with a minor seasonal variability but some peak temperatures between May and
November due to lake currents effects (Viquerat, 2012). Its minimum and maximum temperatures are 5°C and 18°C.
Finally, by hypothesis, groundwater has a constant temperature of 13°C. Solar irradiance follows the typical northern
hemisphere distribution (higher values in summer, lower in winter), with an important daily variability due to clear or
cloudy sky.

3. Heat demands / Buildings

In Geneva (urban canton with high population density), 79% of the heated surface of residential buildings concern mul-
tifamily buildings, against 21% for single family buildings (Khoury, 2014). It should be noted that, contrary to the single
housing sector, in this region the majority of inhabitants of multifamily houses are tenants.

3.1. Building sample

The exploitation of the above heat sources by HP systems will be tested on the same multi-family building sample which
was used in Fraga et al., 2017: i) 2 new buildings with identical low SH demand, but differentiated DHW demand; ii) 3
retrofitted buildings, of which one with low SH and the other ones with intermediate SH demand and differentiated SH
distribution temperature; iii) 1 non retrofitted building.



The main characteristics of the building sample (with SH demand corresponding to standard weather data) are summa-
rized in Table 2. Note that 4 of the buildings correspond to real case studies situated in Geneva (New, Retrofit best case,
Retrofit reference, No-retrofit), while the 2 other are combinations thereof, in terms of DHW demand (New low DHW)
or of SH distribution temperature (Retrofit intermediate).

Table 2

Comparison with a benchmark on the SH demand of the MFB stock of Geneva (Khoury, 2014) shows that, except for
No-Retrofit, all our buildings are in the 1% decile, meaning that they are representative of the best cases in their respec-
tive construction periods. No-retrofit is in the 3™ quartile, close to the 4t quartile, meaning that it is representative of
lower than average building envelope.

Similarly, a comparison with a benchmark on the DHW demand of the MFB stock of Geneva (Quiquerez, 2017) yields
the following results: New is in the 4" quartile, amongst the highest values, Retrofit best case is slightly above the me-
dian, and all other cases (which by definition have the same DHW demand) are in the 2™ quartile, closer to the 1%
quartile than the median.

3.2. Rescaling of annual and hourly heat demand

In this section, the building demand is rescaled for 2010, the common reference meteorological year chosen for the
heat sources. For the rescaling, we consider that: i) DHW demand is independent of the meteorological year and is
therefore the same as for standard weather data; ii) SH demand is rescaled according to the ratio between 2010 and
standard weather degree days.

The 2010 SH and DHW demands, as well as SH distribution temperatures, are represented in Figure 2 (annual values)
for all 6 cases.

Figure 2

Similarly to Fraga et al., 2017, the hourly demand profile is defined as follows : i) For DHW, the hourly profile is given by
the monitored data of a typical multifamily building (Zgraggen, 2010). It is adjusted by a multiplication factor, so that
the integral of the load corresponds to the annual DHW demand of the building under consideration; ii) For SH, the
hourly load is given by a linear function of the outdoor temperature, and is defined by a set point above which SH is off
and by a nominal heat load at 0°C outdoor temperature. The nominal heat load at 0°C is adjusted so that the integral of
the load corresponds to the annual SH demand of the building under consideration and for the considered meteorolog-
ical year; iii) For SH distribution temperature, it is given by a linear function of the outdoor temperature, adjusted to the
building typology (see Table 3, section 4.3). The DHW distribution temperature is considered constant, at 55°C. The
limits of this methodology, in particular in terms of load curve, is discussed in detail in Fraga et al., 2017. For the partic-
ular case of a HP system on a low-energy building, it was shown that simulation results with the modelled heat demand
are very similar to simulation results with the monitored heat demand, at least at aggregated system level.

4. Heat production system



4.1. System layout

The exploitation of the diverse heat sources of section 2 is provided by the following system layouts (Figure 3). For all
heat sources except solar (i.e. air, geothermal, hydrothermal) the heat source is attributed unequivocally to the HP. The
latter provides DHW by maintaining the upper part of the DHW tank within the 50-55°C range, while SH is fed directly
to the distribution circuit, with excess heat stored in a SH tank. Besides electricity for the HP, direct electric heating is
used either in case of HP failure or in case of simultaneous SH and DHW when storage discharge is not possible (tem-
perature in both SH and DHW tank below the respective demand temperatures).

For the solar heat source: the ST unglazed collectors can either provide heat directly to the demand (SH or DHW), or
serve as the heat source for the HP. In case of direct solar production, DHW is provided by way of a preheating storage
tank, while SH is fed directly in the distribution circuit; in case of HP production, DHW is provided by maintaining the
upper part of the DHW tank within a 50-55°C range, while SH is fed directly to the distribution circuit, with excess heat
stored in a SH tank. Direct electric heating is used either in case of HP failure (solar collectors below the temperature
limit of the HP evaporator) or in case of simultaneous SH and DHW demand, when storage discharge is not possible.

For both layouts, the system is operated with the following scheme of priorities. Maintaining the DHW tank above 50°C
has priority over SH, which can be assured by storage discharge and eventually by direct electric heating. When the
DHW storage is above 50°C, the priorities to cover the SH demand are: 1) direct solar heat production (solar HP system
only); 2) storage discharge; 3) activation of the HP, with surplus production used to charge the heat storage; 4) direct
electric heating, which is activated in case of HP failure or insufficient capacity. A detailed description of these priorities
is given in Fraga, 2017.

Figure 3

4.2. Numerical Model

4.2.1.Solar, air and hydrothermal systems

Except for the geothermal borehole system, the simulation algorithm is implemented in TRNSYS. The components are
modelled according to energy balance equations, taking into account the following features (see Fraga et al., 2017 for
mathematical formulation and further details).

In the case of all heat sources except solar (i.e. air, lake, river, groundwater), the temperature of the heat source is
directly used as an input to the HP, disregarding the temperature drop of possible heat exchangers. In the case of the
solar HP, the temperature of the heat source (collector output) is given by the thermal balance of the unglazed solar
collectors, taking into account the global solar irradiation on the collector plane and the thermal losses with ambient
air, including the wind effect. The characteristics of the unglazed solar collectors are given by the standardized lab test
(SPF, 2012). The temperature drop due to the solar heat exchanger is disregarded.

The HP is modelled by an input/output table based on the working temperatures (evaporator input, condenser output),
as given by the manufacturer (Fraga, 2017). Linear interpolation between the manufacturer data values is provided by
Trnsys Type 42. The working temperature of the evaporator is driven by the heat source and is limited to the HP upper
operating limit. The working temperature of the condenser is driven by the heat demand, and is limited to the HP lower
operating temperature.

Each of the storage tanks is modelled by way of a one-node model (disregarding stratification effects, which should be
negligible, given the relatively small heat storage capacities — see section 4.3 — and associated transit times). As an
exception, in the case of the solar HP system the DHW storage is modelled with two distinct nodes: one for the lower
layer (solar preheating) and another for the upper layer (maintained at DHW distribution temperature). In all cases, the
model further takes into account heat losses to the technical room.



Direct electric heating covers the instantaneous difference between demand and production (unlike in a real system,
where the electric rod is usually integrated in the heat storage). Auxiliary electricity for circulation pumps is not taken
into account.

At system level, the entire set of equations is resolved explicitly for each operating mode. The appropriate operation
mode is selected according to the priorities defined above (section 4.1), in function of the DHW and SH demand (load
and temperature) and the available temperatures at the level of heat source and storage. The simulation is performed
in a time step of 0.1 hours over a complete year, with simulation outputs given in hourly integrated values.

Simulation results are validated with monitored values of a solar heat pump system (Fraga et al., 2017), at component
and system level. The validation shows that, for all the energy flows, the discrepancy between the simulation and mon-
itoring annual values is inferior to 5% of Qudem. The order of magnitude of these discrepancies is similar to the monitoring
uncertainties. In conclusion, the model is sufficiently robust to reproduce the various energy flows, at the level of
monthly profiles and yearly integrals.

4.2.2.Geothermal borehole system

In the case of the geothermal borehole system, the numerical simulation is performed with Pilesim (version 2.1), a
front/end tool for the design of heating and/or cooling systems with multiple boreholes (Pahud, 2007). The tool, which
is based on the Trnsys software package, allows for dynamic simulation of the system in hourly time step, over a period
of up to 50 years. The computation results include: i) The inlet/outlet temperatures of the borehole field and associated
heat load; ii) The HP electric consumption and associated COP for matching of the heat demand; iii) The fraction of
uncovered demand, due to limited nominal HP power, or to borehole temperature reaching user defined lower/upper
bounds.

At the level of boreholes and soil, the model is based on a detailed algorithm of the heat diffusion phenomena, including
interaction between multiple boreholes, diffusion in surrounding soil, thermal link to upper surface conditions and in-
fluence of the geothermal gradient. The HP is modelled by a COP that varies in function of the evaporator input and
condenser output temperatures, with a constant thermodynamic efficiency.

Note that the system boundaries are given by the heat demand (load and temperature) at HP output, thereby not
including the integration of downstream components (in particular storage and distribution circuit). For the sake of our
study, and for coherence with the simulation of the other sources, this issue is treated as follows: for a given building
(hourly SH and DHW demand), hourly data at condenser output (input to Pilesim) is given by the simulated condenser
output of the related groundwater HP system.

The Pilesim model is furthermore parametrized as follows: i) the thermal properties of the soil are supposed uniform
along the borehole length (conductivity: 2.5 W/m.K, heat capacity: 2.1 MJ/m3.K) and the geothermal gradient is set to
a standard value of 0.03 K/m; ii) the HP is characterized by: i) a nominal COP of 4.5 at 0°C evaporator input / 35°C
condenser output, corresponding to a constant thermodynamic efficiency of around 50%; ii) A constant electricity con-
sumption, sized according to the HP nominal capacity Pnom,npin Table 3.

Simulation results are performed in an hourly time step on a total of 50 consecutive years. In the following analysis,
annual system performance figures are given as the average over this period.

4.3. System sizing

When combining the different heat sources and building demands, the sizing of the system components occurs as fol-
lows: i) The nominal HP capacity (at 0°C evaporator input / 35°C condenser output for water HP, at 2°C/35°C for air HP)
is adjusted so as to match the maximal hourly load of combined SH and DHW demand of Table 2; ii) The SH and DHW
storage capacities are proportional to the respective maximal hourly loads: for SH, 150 L/kW; for DHW, 40 L/kW for the
upper part of the storage and 50 L/kW for the lower part of the storage (solar HP system only).



Further heat source specific considerations are as follows.

The type of HP depends on the heat source: an air to water HP (air source), or a water to water HP (all other sources).
In both cases, the electricity for the HP, which depends on the evaporator inlet and condenser outlet temperatures, is
given by the manufacturer fact sheet (section 4.2.1). In the case of the air source, it includes the electricity for de-icing,
according to bench tests with standard EN14511, 2011, as well as for the fans and pumps on the cold source. Except for
this and for direct electric heating, no other auxiliary electricity is taken into account by the diverse system layouts.

For the solar assisted HP, the unglazed solar collector area is set to 3 m? per kW of HP capacity, according to the guide-
lines established in Fraga et al., 2017. As a consequence of the variation in heat demand and maximal load, the specific
solar collector area Asolovaries between 0.09 and 0.23 m? per m? heated area.

For the geothermal HP, the borehole length is set to 250 m (typical depth for MF buildings in Switzerland), and the
distance between boreholes to 6 m (corresponding to a 36 m? footprint per borehole). For each building, the number
of boreholes is adjusted by numerical simulation, so that the hourly input — output temperature average of the heat
carrier doesn’t fall below -1.5°C within 50 years of operation (according to SIA384/6, 2010). As a result, the geothermal
footprint Ageo.o is in the range of 2.1 — 3.3 m? per kW of HP capacity (corresponding to 0.08 — 0.19 m? per m? heated
area), depending on the building heat demand. Note that: i) unlike for solar, the m? per kWh sizing factor is not constant,
since the ratio between the perimeter and the footprint of the borehole field declines with a rising number of boreholes;
as a consequence, the access to the heat in the vicinity of the borehole field decreases with a rising number of boreholes;
ii) these sizing factors were obtained for buildings with a heated surface of 1000 m?, and are subject to variations for
other surfaces; iii) recharging of the ground, and it’s effect in the system sizing, are not studied in this work.

For boreholes that use water as a heat carrier, the limitation of an input — output temperature average of the heat
carrier above 4.5°C within 50 years of operation leads to two times higher sizing values (0.12 —0.58 m?/m?, i.e. 4.1-6.1
m? per kW HP, depending of the building). The results of the corresponding scenarios are not discussed in this paper
(more information in Fraga, 2017).

No specific sizing values are given for air and hydrothermal HPs heat source because they are not space extensive at a
building level (see section 2.1).

Table 3 summarizes the component sizing values, in relation with the building heat demand.

Table 3

4.4. Limited roof and ground area

At building scale, air, lake, river and groundwater can be considered as unlimited heat sources (see section 2.1 ). How-
ever, geothermal and solar are space extensive, i.e. the amount of heat supplied by the heat source to the HP is subject
to available roof or ground area in the premises of the building.

In order to take into account this limitation, we consider 2 cases: i) An available roof area of 0.2 m? per m? heated floor
area, corresponding to a “low-rise” multifamily building in Geneva (4 storeys, under hypothesis of an 80% ratio between
the available roof area, in m?, and the storey specific heated area, in m? per storey); ii) An available roof area of 0.1 m?
per m? heated floor area, which corresponds to a “high-rise” building in Geneva (8 storeys). An illustration of these 2
casesis in Figure 4.

Figure 4



As a reference, Geneva multifamily buildings have in average 5.8 storeys (+/-2.6 standard deviation), against 4.1 storeys
(+/- 1.6) in Switzerland (according to a recently developed geo-dependent heat demand model of the Swiss building
stock, Schneider et al., 2016).

For simplification purposes, the available ground area for the boreholes is considered to be equal to the available roof
area (0.2 or 0.1 m?/m?).

With this limitation, and for each building type, solar and geothermal systems are downsized as follows: i) For the solar
HP system, the collector area Asor is defined as the minimum value between: a) the previously defined solar collector
area per heated area, without considering surface availability (Aso,0, Table 3) and b) the new limited roof area (0.2 m?/m?
or 0.1 m%/m?); ii) For the geothermal HP system, the ground area Ageo is defined as the minimum value between: a) the
previously defined geothermal footprint per heated area, without considering surface availability (Ageo,0, Table 3) and
b) the new limited ground area (0.2 m?/m? or 0.1 m?/m?).

Consequently, according to a previous study Fraga, 2017, the solar HP power is downsized according to eq. (1),

— Asol
Php N Asol0 Php,O @)

Similarly, according to a personal communication by the author of the Pilesim tool, the geothermal HP is downsized
according to eq. (2):

A
=~ Ppy0 (2)
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hp Ageo,o

The component sizing values, in relation with the building heat demand values, are summarized in Annex A.

As for the storage, the SH and DHW storage capacities are the same as in section 4.3 for they depend on the heat
demand, which remains unchanged.

Direct electric heating is assumed to cover all auxiliary heat needs, in particular when the downsized HP is not able to
cover 100% of the building heat demand.

4.5. Complementary PV production

In a further step, the benefits of adding photovoltaic panels on the available roof area are studied. In order to do so,
and for both previous cases (0.2 and 0.1 roof m? per heated m?), the following is assumed: i) For air, lake, river, ground-
water and geothermal HP systems, the available roof area is considered to be fully used for PV production; ii) For the
solar HP system, only the area that is not used by the thermal solar collectors is available for PV production; iii) PV
production is based on 12 % efficiency applied directly to the global horizontal solar irradiation (Quiquerez et al., 2015,
Freitas et al., 2016), which leads to an annual electricity production of 150 kWh per m? of PV. Note that: i) for compari-
son, a simulation of a 100 m? horizontal collector field in Geneva with a specific PV software (PVsyst, 2012) shows that
the efficiency has a variation of respectively +/- 0.5% in seasonal values and +/- 1.7% in hourly values; ii) the added
production by PV in the building facades is disregarded in this study.

The interaction of the HP and PV systems and their relation with the electric grid are represented in Figure 5.
Figure 5

Electricity production from the PV panels Epv is used in priority in the form of self-consumption Eser, to partake in the HP
system electricity demand Esys (which includes electricity for the heat pump and for auxiliary direct electric heating).



This self-consumption is calculated by taking into account the daily match between Epv and Esys. The excess PV produc-
tion Einject is injected in the grid. Similarly, the HP system final electricity consumption not covered by PV is purchased
from the grid Efinal. These electricity flows obey the following relations:

Egerp = MIN(Eqys, Epv)lAt=24h (3)
Efinai = Esys — Eseif (4)

Einject = Epv — Eself (5)

Enet = Esys — Epy = Efinat — Einject (6)

Note that the match between Epv and Esys is calculated on daily production and consumption values. Within this study,
we do not calculate the match in hourly time step because: a) For SH, the hourly load model is given by a linear function
of the outdoor temperature, which does not properly account for finer day/night or hourly dynamics (see Fraga et al.,
2017); b) When upscaling the results at regional level (section 5.4), the sum of hourly load peaks would not represent
reality because each building will have different dynamics and the load peaks will not occur at the exact same hour; c)
The choice of working with daily integrated values can be justified by the possibility of handling the actual hourly miss-
match with thermal and/or electric storage. The importance of hourly mismatch and its effect on storage capacity will
be discussed further down.

Finally, the above defined electricity balance only takes into account the electricity consumed by the heating system
(HP and auxiliary direct electric heating), but not the appliances. As a matter of fact, we consider the PV panels to be
installed in concomitance with the HP system, for the purpose of partial covering the induced electricity consumption.
While PV production could in principle also be used for appliances, this turns out relatively difficult in the Swiss context,
where the large majority of MFB households (74%) are tenants (OFS, 2018). Contrary to building owners, tenants do not
have a legal basis to invest into (and benefitting from) on site PV systems. Nonetheless, as a complement to the HP self-
consumption, we will in a second step, analyse to what extent the excess PV production Einject could be used to partially
cover a typical load curve of MFB appliances.

5. Results and discussion

5.1. Performance indicators

The simulation results will be discussed in terms of the annual performance factor, at the level of the HP (eq. (7)), of the
HP system (eq. (8)) or of the combined HP & PV system (eq.(9)) :

_ Qnp

SPF,, = — 7
hp Ehp ( )
SPF,,, = —2dem (8)
v EnptEqir
SPFjipg = —dem. (9)
final Efinal

As a complement, results will also be discussed in terms of annual electricity at the following levels: a) HP consumption
(Enp); b) HP system consumption (Esys), including electric heating but without auxiliary electricity; c) combined HP & PV
system consumption (Efinar), concerning HP system electricity not covered by PV; d) excess PV production injected into
the grid (Einject).

Moreover, electricity consumption and production will also be discussed in terms of seasonal dynamic (daily values) and
be compared to the regional electricity load curve.



5.2. Intrinsic potential of HP heat sources

This section concerns the intrinsic potential of the various HP heat sources, i.e. disregarding possible limitations related
to roof area and/or ground area (systems sized according to section 4.3), and disregarding complementary PV produc-
tion. Performance is discussed at HP and system level.

HP performance

HP performance is presented in Figure 6 and Figure 7.

Figure 6

Figure 7

As can be seen in Figure 6, groundwater has the highest SPFs, values (4.3 - 4.8, depending on the building heat demand)
followed by river (3.9 - 4.5) and lake (3.8 - 4.3). The geothermal borehole performance is slightly lower (3.6 - 4.0), while
solar and air are at the bottom, with very similar values (solar: 2.9 - 3.5; air: 3.0 - 3.4). This heat source hierarchy is
explained by Figure 7, where SPFsp is shown in function of the heat source temperature (heat weighted annual average
temperature at evaporator input). As can be seen, the SPFs, values is strongly correlated with the source temperature.
The only exception is air. Despite higher temperatures, air yields SPFn, values very close to solar, because the air/water
HP is less performant than the water/water HP (higher electricity consumption due to de-icing cycle and cold source
fan). Hence, at HP level, the similar values between solar and air reveals that the use of solar collectors as a heat source
for the HP (series connection) does not lead to a significant improvement when compared to air (a simpler and cheaper
solution).

When comparing the building types, the highest SPFn, are achieved by buildings with low 30°C SH distribution (New and
New low DHW), followed by buildings with 40°C (Retrofit best case and intermediate) and 50°C (Retrofit reference and
No-retrofit). For buildings with the same SH distribution temperature, variation in SPFp, is due to different shares of
DHW (the higher the share, the lower the SPFsp).

For Enp, comparison between heat sources obviously yields same ordering as for SPFn, (high SPFnp corresponding to low
Enp), except for solar. In the case of solar, the collectors can deliver heat either to the HP, or directly to demand and
storage. This parallel connection allows to cover an important part of the summer heat demand (DHW). The reduced
heat produced by the HP leads to a proportional reduction of Exp. This phenomenon is more important for buildings
with a large share of DHW.

Finally, the SPFn, turns out to be more sensitive to the type of heat source, than to the type of building. Inversely, in the
case of Enp (which is proportional to the heat demand) we observe a higher sensitivity to the type of building than to
the type of heat source.

System performance

System performance is presented in Figure 8.

Figure 8

As far as SPFsys is concerned, we observe the same pattern as for the SPFp, with slightly inferior values. This is explained
by the SPF definitions (equations (7) and (8)), where Qdem corresponds to Qnp - Qst.lss, While Esys corresponds to Enp + Edir.
Solar is the only heat source with a different pattern, due the solar direct heat production in summer. In this regard,



solar SPFsys is among the highest for low energy buildings (highest shares of DHW), but among the lowest for less per-
formant buildings (lower shares of DHW).

Hence, although air and solar yield similar SPFx, values, the use of the solar collectors as a parallel heat source (direct
solar heat production) strongly improves the SPFsys. However, simpler independent air HP systems in combination with
glazed solar collectors might reach a similar overall performance as solar assisted HP systems (not analysed in this study).

Finally, we observe in all cases that Esys is only very slightly higher than Enp (in the order of a 1 — 5 %), meaning that Eair
is barely needed.

Most importantly, even if SPFsys is in most cases between 3.0 and 4.5, with a strong dependence on the heat source, the
associated Esys varies widely between the building types, in relation with the heat demand. As a result, Esys is in the range
0f 9.9 — 14.0 kWh/m? for New low DHW, but rises up to 29.6 — 42.9 kWh/m? for No-retrofit.

5.3. Potential of combined HP & PV systems

This section concerns the simulation results of the HP & PV systems, i.e. taking into account limitations related to roof
area and/or ground area (section 4.4) as well as the benefits of adding PV to the available roof area (section 4.5). For
readability, results are first discussed independently of PV self-consumption, which is introduced in a second step. The
figures presented in the text concern the case of the low-rise building, while the corresponding figures for the high-rise
building can be found in Fraga, 2017.

Without self-consumption

For a low-rise building, the total electricity consumption (Esys) and electrity production (Epv) of the HP & PV systems are
represented in Figure 9, along with the balance between electricity consumption and production (Ene:) and the HP
system performance (SPFsys). The figure can be interpreted as follows: i) Squares (at the top) represent the performance
of the HP system SPF,ys; ii) Solid bars (positive values) represent the total electricity consumption Esys of the HP system;
iii) Faded solid bars (negative values) represent the total electricity production Epv of the PV system; iv) Lozenges repre-
sent the annual balance between total electricity consumption and production Enet.

Figure 9

As pointed out before (section 4.4) only solar and geothermal values are affected by the limited roof and ground areas.
Nonetheless, in the case of the low-rise building, no downsizing is required for geothermal, and for solar only the No-
retrofit building suffers a very slight decrease of solar area (from 0.21 to 0.20 m?/m?). For these reasons, the SPFs,s and
Esys values of Figure 9 are basically the same as in in Figure 8.

Regarding the PV production, the 0.2 m?/m? available roof area allows for a Epv of 29.7 kWh/m? (related to the heated
floor area), except for buildings with a solar HP system, in which case the remaining available roof area allows for a PV
production of 0 — 18.2 kWh/m?, depending on the heat demand and associated solar collector area.

Allin all, the impact of the PV production on the annual balance of final purchased / injected electricity (Ene:) is as follows:
i) Except for solar HP systems, and in all cases except for No-retrofit, the system produces more electricity than it con-
sumes (Epv 2 Esys), so that Enet is inferior to zero; No-retrofit is the only building type with a positive Enet (Epv < Esys); ii) For
solar HP systems, only the building with the lowest heat demand New low DHW achieves a Epv higher than Esys.

With self consumption



In Figure 10, the same systems are analyzed taking into account the PV self-consumption (daily match between PV
production and HP consumption). The figure can be interpreted as follows: i) The squares (top) represent the perfor-
mance of the HP & PV system SPFiinai; i) Hashed bars are the self-consumed electricity Eser (daily match between Epv and
Esys); iii) Solid bars (positive values) represent the final purchased electricity from the grid Ejsinas (difference between Esys
and Eserr ); iv) Faded solid bars (negative values) represent the electricity injected into the grid Einject (difference between
Epv and Eserr ); v) The dots represent the annual balance between final purchased electricity and electricity injected into
the grid Enet.

Figure 10

The self-consumed PV production Esef amounts in all cases to around 10 kWh/m?, except for solar HP systems, for which
it varies between 0 — 5.3 kWh/m? due to limited production. As a notable result, even when Ep, compensates for Esys
(Enet £ 0), Efinat and Einject can reach important values. As an example, the Retrofit reference building with an air source HP
is close to a net-zero energy heating system, but Efins amounts to 17.0 kWh/m?2/yr and Einject to 18.9 kWh/m?/yr. This
points out the seasonal mismatch between PV production and heat demand.

The final purchased electricity from the grid Efinas is in the range of 2.1 — 12.1 kWh/m? for the three low energy buildings
(New, New low DHW, Retrofit best case). For the No-retrofit building, it is essentially above 20 kWh/m?, reaching up to
39.0 kWh/m? in the case of solar HP. The Retrofit intermediate and Retrofit reference buildings are in between, with
values below 15 kWh/m?, except for air and solar HPs.

These Efinat values lead to fairly high SPFsinai. In the case of the three low energy buildings, SPFfinar is always above 5 and,
in the case of groundwater, it reaches values of 17.2 for New, 21.9 for New low DHW and 12.7 for Retrofit best case.
The No-retrofit building has the lowest values (3.2 - 6.5, depending on the heat source), while Retrofit intermediate and
Retrofit reference have intermediate values (4 —9.7 and 4 — 7.8).

Overall, groundwater has the lowest Efinas and the highest SPFsina values, followed by river, lake, geothermal, air and
solar. However, even though the SPFsina values may suggest otherwise, this classification is not that relevant for low
heat demand buildings, since the associated Efina remains quite low (no matter what heat source is chosen), whereas it
is a key issue for higher demands due to the high Efinar.

High-rise building

In the case of the high-rise building (0.1 m?/m?), for which corresponding figures are presented in Fraga, 2017, down-
sizing is noticeable for both geothermal and solar HP systems: i) for the Retrofit intermediate building (Esys increase of
6% and 7%); ii) for the Retrofit reference building (Esys increase of 11% and 6%); iii) for the No-retrofit building (Esys
increase of 43% and 25%).

In the case of the solar HP, the 0.1 m?/m? available roof area is completely used for thermal production, so that Epv is
null, hence Efinal is equal to Esys. In all other cases, E,v amounts to 14.8 kWh/m? (half the value of the low-rise building).
However, the reduction of the PV production has a limited effect on Esei, which amounts to around 8 kWh/m?, and
mainly impacts Einject.

In average, Efinal turns out 27% higher and SPFfina 32% lower than for the case of the low-rise building (average values
given by linear regression, with R2 coefficients of 0.94 and 0.89, in Annex B).

Hourly versus daily PV-HP match

As a complement, preceding analysis was also conducted on an hourly match between E,v and Esys (Annex C). As well for
the low-rise as for the high-rise building, annual self-consumption Eserr systematically drops to about 50% of the value



calculated in daily match. This discrepancy is in the range of 3.7 — 6.1 kWh per m? heated surface for the low-rise build-
ings (resp. 2.8 — 4.3 kWh per m? for the high-rise buildings), except for solar HP systems (for which PV production is low,
and hence also the mismatch).

The effect of this discrepancy on Efina is relatively high for buildings with a low heat demand (i.e. with Efina below 15
kWh/m?2), but remains below 30% (resp. 20%) for buildings with a higher demand. As pointed out before, this discrep-
ancy would diminish in the case of an aggregated building stock, due to non-synchronic demand profiles.

As pointed out above, the hourly mismatch could also be handled by a daily storage. In daily average, the resulting
electric storage requisite would amount to 10 — 17 Wh/m? (resp. 8 — 12 Wh/m?). The maximum electric storage capacity
(worst daily discrepancy between daily and hourly match) remains in all cases lower than 110 Wh/m? (resp. 70 Wh/m?),
which for a 1000 m? building corresponds to about 1 m? batteries (resp. 0.6 m3). Note that these values do not take into
account possible storage losses, which should however not exceed 15% (Parra et al., 2016).

PV self-consumption for appliances

Finally, we analyse the potential of the excess PV production to partially cover a typical load curve of MFB household
appliances. The load curve is generated by the Electrowhat model (Schneider et al., 2017), which decomposes the yearly
electricity consumption of a given building sample into hourly load curves per activity and per electric appliance, based
on a library of existing load curves. In our case, latter load curve is scaled to an annual integral of 25 kWh per m? heated
area, which corresponds to the average annual demand for household appliances of 4’234 MFB (55’325 households),
as billed by Geneva’s utility company. The resulting load curve is compared to the excess PV production Einject of our
buildings and HP systems sample.

As a result (Table 4), in the case of the low-rise buildings an average of 60% of Einject could be used on site, covering 46%
of the annual demand of the appliances (average values over all building types and HP systems, except for solar HP, for
which Epv and hence Einject are drastically reduced). In the case of the high-rise buildings, 93% of Einject could be used on
site, covering 27% of the annual demand of the appliances. Similarly to the HP system analysis, preceding results concern
the match of daily profiles. When matching hourly profiles, the resulting values obviously turn out lower (Table 4).

Table 4

5.4. Potential effect on regional load curve

In this section, the final purchased / injected electricity of the combined HP & PV systems is analysed in terms of its
annual dynamic, in daily values. Results are presented in Figure 11 for Retrofit best case (the least performant low heat
demand building) as well as No-retrofit (the least performant heat demand building), both low-rise buildings. Results
for all building sample, low-rise and high-rise, can be found in Fraga, 2017.

Figure 11 can be interpreted as follows: i) Positive values represent final electricity purchased from the grid Efinai, nega-
tive values represent electricity injected in the grid Eiject; ii) Values in Wh/m?2/day (left axis) indicate the electricity per
heated m? of the considered building; iii) Values in GWh/day (right axis) indicate the equivalent grid load, assuming that
the entire multifamily building stock of Geneva (19.3 million m?) was: a) composed by buildings with the same given
heat demand; b) equipped with combined HP & PV systems with the same heat source.

Figure 11



For comparison, we also show (in black) the total electricity load of the canton of Geneva in GWh/day (daily values given
by the sum of real 2010 hourly data, handed over by the local utility company). The annual electricity consumption of
the canton is 2988 GWh, with a maximum daily peak load of 9.6 GWh/day. Currently the share of electric heating is low,
therefore there is a low seasonal variation in the load curve. The oscillation of the curve is due to weekend (low values)
and weekdays (high values).

For low-rise buildings (Figure 11), the daily peak load of purchased electricity is mainly below 150 Wh/m?2/day for low
heat demand buildings (New, New low DHW, Retrofit best case). If the entire multifamily building stock of Geneva (19.3
million m?2) was composed of these types of buildings, the daily peak load of purchased electricity would be mainly
below 3 GWh, which corresponds to 30% of the canton’s electricity daily peak load.

Regarding the extreme opposite case, the No-retrofit building, the daily peak load of purchased electricity is always
above 250 Wh/m?/day (which corresponds to an equivalent daily peak load of 4.8 GWh/day, i.e. 50% of the canton’s
daily peak load).

As can be seen, the seasonal variation in the total electricity load of the canton of Geneva would change significantly
with increasing share of heat pumps used for heating in particular of existing (i.e. non-renovated) buildings. This would
also imply a variation of the electricity mix (not discussed within this paper).

5.5. Discussion

The performance of the combined HP & PV systems is represented in Figure 12 as a function of the building heat demand
(SH + DHW), for the various heat sources. The performance is analysed in terms of the following indicators: i) The final
purchased electricity Esinar expressed in terms of annual value (kWh/m?/year, left axis) as well as percentage of equiva-
lent grid energy (right axis); ii) The final purchased electricity Efinat expressed in terms of daily peak load (Wh/m?2/day,
left axis) as well as percentage of equivalent grid daily peak load (right axis); iii) The performance factor of the combined
HP & PV system (SPFfinal).

As indicative values, we also present the 10% and 30% levels of equivalent grid energy (annual value) and grid daily peak
load (daily value). It should be noted that the equivalent grid values (right axis values) hold the assumption from the
previous section, i.e. that the entire multifamily building stock of Geneva is composed by buildings with the same given
heat demand and equipped with combined HP & PV systems with the same heat source.

Figure 12

From the figure, the following results are drawn:

For buildings with a SH + DHW heat demand below 80 kWh/m? (which represent less than 10% of the heated surface of
the MFB stock of the Canton, c.f. Khoury, 2014), the various combinations of HP & PV systems result in a final purchased
electricity (Efinal) predominantly below 15 kWh/m?2. Note that this threshold corresponds to an equivalent grid energy of
about 10%. For buildings with a heat demand below 130 kwWh/m? (which represent 75% of the current building stock),
the final purchased electricity remains mostly below 45 kWh/m?2. This threshold corresponds to an equivalent grid en-
ergy of about 30%. Disregarding cases with a high share of direct electric heating (high-rise building with solar or geo-
thermal HP) the final purchased electricity essentially remains within the range of 2 — 35 kWh/m?, depending on the
building heat demand and the HP heat source. Note that the preceding values would increase by 3 — 6 kWh/m? if hourly
instead of daily PV-HP match was considered.

As far as the daily peak load is concerned, we have a totally different picture. In all cases, the daily peak load is above
50 Wh/m?/day, which corresponds to an equivalent grid daily peak load of 10%, and only best case buildings (< 80
kWh/m?) have a daily peak load below 150 Wh/m?/day (equivalent grid daily peak load of 30%). Buildings with higher
heat demand have in most cases daily peak loads above 150 Wh/m?/day. For buildings at the 3™ quartile limit (130



kWh/m?), the daily peak load reaches up to 500 Wh/m?/day (equivalent grid daily peak load of 100%), or even higher if
direct electric heating has an important share (highrise only). Note that preceding values would remain unchanged (less
than 1% difference) if hourly instead of daily PV-HP match was considered, since the peak load occurs at a day with
negligible PV production.

These values are subject to variation in function of the HP heat source. As well for the annual electricity as for the daily
peak load, we observe a factor 2 between the extremes (groundwater and solar). This variation has an important impact
in buildings with high heat demands, but is not so significant in best case buildings. Hence, for such buildings, the deci-
sion of which heat source to choose will most likely fall on other factors than the system’s energy performance (heat
source availability, legal restrictions, investment costs, social acceptability, system integration ...).

The exact opposite pattern appears for the SPFfinai. Enormous variations in function of the HP heat source are observed
for best case buildings (between 5.5 and 21.8 for low-rise buildings, between 3.8 and 12.6 for high-rise buildings). These
variations are much less important for building heat demands above 80 kwWh/m?,

As a complement, Figure 13 represents the electricity injected into the grid Einject in terms of annual value as well as daily
peak load.

Figure 13

For low-rise buildings, the annual electricity injected into the grid (Einject) is in all cases in the range of 15 — 20 kWh/m?
(equivalent grid energy of 10 - 13%), except for solar HP systems for which the reduced available roof area leads to
values in the range of 0 — 15 kWh/m? (decreasing values with increasing building heat demand). For high-rise buildings
these values are halved, respectively null for solar HP systems. If the excess PV production was used for appliances,
these values would drop by 60% (low-rise), respectively 93% (high-rise).

As far as the daily peak load is concerned, for low-rise buildings the values do not exceed 200 Wh/m?/day (equivalent
grid daily peak load below 40%). Again, these values are halved for high-rise buildings. If the excess PV production was
used for appliances, these values would drop to about 120 Wh/m?/day (low-rise), respectively 30 Wh/m?/day.

6. Conclusions

This article covers a comparative analysis of the potentials and constraints of different heat sources (air, geothermal
boreholes, lake, river, groundwater and solar thermal) exploited by heat pump (HP) systems implemented in various
types of multifamily buildings (MFB) — new, retrofitted and non-retrofitted — which correspond to real case studies
situated in Geneva.

After characterizing the various heat sources and building heat demands, as well as presenting the numerical model and
adopted sizing values, we study the intrinsic potential of the various HP heat sources, i.e. disregarding possible limita-
tions related to roof area and/or ground area. The simulation results show that, when considering the HP performance
alone, the higher the heat source temperature (HP heat weighted temperature), the higher the SPFr,. Thus, groundwa-
ter has the highest SPFrp values (4.3 - 4.8, depending on the building heat demand) followed by river (3.9 - 4.5) and lake
(3.8 - 4.3). The geothermal borehole performance is slightly lower (3.6 - 4.0), while solar and air are at the bottom, with
very similar values (solar: 2.9 - 3.5; air: 3.0 - 3.4). Note that, despite higher heat source temperature, air has a SPFn
close to solar because of higher electricity consumption due to de-icing and heat source fan.

As far as SPFsys is concerned, we observe the same pattern as for the SPFnp, with slightly inferior values. Solar is the only
heat source with a different pattern, due the additional solar direct heat production in summer. Hence, although air



and solar yield similar SPFny values, the use of the solar collectors as a parallel heat source (with additional direct solar
heat production) strongly improves the SPFsys.

In a further step we consider complementary PV production for the HP system, taking into account the available roof
area and the matching of profiles in daily values. For buildings with a combined space heating and domestic hot water
heat demand up to 80 kWh/m?, which correspond to current best case buildings (10% of the existing MFB stock in
Geneva), combined HP & PV systems should lead to an annual final purchased electricity inferior to 15 kWh/m? (with a
factor 2 between the heat sources extremes), for an associated daily peak load up to 150 Wh/m?/day. If the entire MFB
stock of the Canton of Geneva (19.3 million m?2) was renovated to current best case buildings and if all would use such
HP & PV systems, the total final purchased electricity would remain below 10% of the total Cantonal electricity demand.
However, the associated daily peak load could rise up to 30% of the cantonal daily peak load. For a heat demand below
130 kWh/m? (which is the case of 75% of the existing MFB stock of the Canton), the various combinations of HP & PV
systems mainly result in a final purchased electricity below 45 kWh/m?2. The daily peak load reaches up to 500
Wh/m?2/day, or eventually higher in the case of high-rise buildings.

Aside from the final purchased electricity, the annual electricity injected into the grid is in the order of 15 — 20 kWh/m?
for low-rise buildings, and half that much for high-rise buildings. As an exception, in the case of solar HP systems, the
reduced available roof area for PV leads to significantly lower values. If the excess PV production was used for appli-
ances, these values would drop by 60% (low-rise), respectively 93% (high-rise).

As a complement, preceding analysis is also conducted on an hourly match of PV production and HP demand profiles.
As a result, annual self-consumption systematically drops to about 50% of the value calculated in daily match. Such is
also the case for additional self-consumption of household appliances.

Lastly, and as pointed out at several system levels (HP, HP system, combined HP & PV), SPF alone is not a sufficient
indicator for the characterization of the HP system performance. Since SPF is an intensive indicator, it doesn’t reflect
the absolute value of the electricity demand, which primarily depends on the building heat demand. In this regard, the
SPF turns out to be quite sensitive to the HP heat source, whereas the final purchased electricity is mostly affected by
the building heat demand. Furthermore, both SPF and annual electricity demand (system or final purchased) are limited
to annual balance considerations. As a complement, an indication of the peak electricity load gives valuable indications
of the potential stress on the grid.

As for next steps, we are currently monitoring air HP systems implemented in MFBs in Geneva, which will give us insight
on the real in-situ performance of these types of systems. Moreover, in collaboration with the Faculty of Sciences of the
University of Lisbon, we have an ongoing study on MFB HP systems for a southern Europe climate.
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Figure 4 Left - Low-rise Building (0.2 mZ2o0/mZse, 4 storeys*); Right - High-rise Building (0.1 mZoof/mZse, 8 storeys*)
*- Hypothesis of an available roof area (shaded area) equal to 80% of the heated area of a floor.
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Figure 7 SPFyy , sensitivity to heat source temperature (heat weighted annual average temperature).
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Figure 12 System performance (Esinas in annual energy and daily peak load, and SPFfina) of the combined HP & PV systems,
for a low-rise (left) and high-rise (right) buildings.
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Figure 13 System performance (Einject in annual energy and daily peak load) of the combined HP & PV systems,
for a low-rise (left) and high-rise (right) buildings.
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Table 1 Availability (local or regional) and heat source type (extensive or intensive).
Accronym Case study Qsn Qdhw Qdem Tsh.o
kWh/m?  kWh/m?2  kWh/m? °C
New (1) SolarCity 20.8 47.7 68.5 30
New low DHW (1’) SolarCity, adapted 20.8 28.3 49.1 30
Retrofit best case (2) Cigale 37.8 34.6 72.4 40
Retrofit intermediate (3') Gros Chéne, adapted 69.3 28.3 97.6 40
Retrofit reference (3) Gros Chéne, build. A 69.3 28.3 97.6 50
No-retrofit (4) Gros Chéne, build. B 110.0 28.3 138.3 50

Quahw, Qsh, Qdem: DHW, SH and total annual heat demand (with climatic correction to standard weather).

Tsh.o: SH distribution temperature, at 0° outdoor temperature.

Case studies: (1) SolarCity (Fraga et al., 2015); (2) Cigale (Tornare et al., 2016); (3-4) Gros-Chéne, building A and B
(Mermoud et al., 2012).

Table 2 Main characteristics of the building sample (with climatic correction of SH demand to standard weather data).



New Retrofit Retrofit Retrofit

New low DHW  best case intermediate reference No-retrofit
Heat demand  Qunw kWh/m? 47.7 28.3 34.6 28.3 28.3 28.3
Qsh kWh /m? 17.8 17.8 325 59.5 59.5 94.4
Qdem kWh /m? 65.5 46.1 67.1 87.8 87.8 122.7
Pmaxdhw — W/m? 31.4 18.6 22.8 18.6 18.6 18.6
Pmax.sh W/m? 9.3 9.3 15.0 27.4 27.4 43.6
Pmaxdem  W/m? 38.6 25.8 34.9 41.8 41.8 55.9
Prom.sh.oc  W/m? 6.9 6.9 11.4 20.9 20.9 33.2
Tsh.off °C 15 15 17 17 17 17
Heat Tsh.oc °C 30 30 40 40 50 50
distribution Tsh.15°C °C 28 28 30 30 30 30
Storage Sthp L/m? 1.29 0.77 0.94 0.77 0.77 0.77
Stsh L/m? 1.62 1.62 2.64 5.00 5.00 7.93
Stsol L/m? 1.62 0.96 1.17 0.96 0.96 0.96
HP Prom,hp W/m? 37.6 25.8 35.0 49.8 49.8 69.8
Solar Asol.0 m?/m? 0.113 0.077 0.105 0.149 0.149 0.209
Geothermal Ageo.o m?/m? 0.078 0.078 0.117 0.155 0.155 0.194
Qdhw, Qsh, Qdem DHW, SH and total annual heat demand (with climatic correction to 2010 weather)
Pmax,dhw, Pmaxsh, Pmaxdem DHW, SH and total maximum hourly heat load
Prom,sh.o°c SH nominal heat load, at 0°C outdoor temperature
Tsh.off temperature on/off set-point for SH
Tsh.o SH distribution temperature, at 0° outdoor temperature
Tsh.15°c temperature of SH distribution, at 15°C outdoor temperature
Sthp, Stsh, Stsol upper DHW, SH and lower DHW (solar HP system only) storage capacity
Pnom,hp HP nominal capacity (at 0°C evaporator input / 35 °C condenser output for water HP or
2°C/35°C for air HP)
Asol.o solar collector area per heated area, without considering surface availability
Ageo.o geothermal footprint per heated area, without considering surface availability

Note: in the case of solar and geothermal, these values do not take into account the possible mismatch between foot-
prints and surface availability of roof or ground.

Table 3 Building heat demand and correspondent sizing of the system components.

Daily match Hourly match
Low-rise High-rise Low-rise High-rise

Eapppv / Einject (%] Avg 60 93 34 58
Min 57 91 33 57

Max 63 96 35 59

Eqpppv / Eapp  [%]  Avg 46 27 33 25
Min 42 22 31 23

Max 53 32 35 27

Eapp: electricity of appliances
Eapp,pv: electricity of appliances covered by excess PV
Einject: excess PV production (not used by the HP system)

Table 4 PV self-consumption for appliances, in daily and hourly match. Average, minimum and maximum values over the building and HP system
sample (except solar HP).



Annex A Sizing of system components taking into account the
roof/ground area limitation

Limit* New Retrofit Retrofit Retrofit .
(m?/m2) New low DHW  bestcase intermediate  reference No-retrofit
Solar Prom,hp N/A 37.6 25.8 35.0 49.8 49.8 69.8
(W/ m?) 0.2 37.6 25.8 35.0 49.8 49.8 66.8
0.1 33.3 25.8 33.3 33.3 33.3 33.3
Asol N/A 0.113 0.077 0.105 0.149 0.149 0.209
(m?/ m?) 0.2 0.113 0.077 0.105 0.149 0.149 0.200
0.1 0.100 0.077 0.100 0.100 0.100 0.100
Geothermal Prom,hp N/A 37.6 25.8 35.0 49.8 49.8 69.8
(W/ m?) 0.2 37.6 25.8 35.0 28.5 28.5 24.0
0.1 24.2 22.2 18.0 14.3 14.3 12.0
Ageo N/A 0.078 0.078 0.117 0.155 0.155 0.194
(m?/m2) 0.2 0.078 0.078 0.117 0.155 0.155 0.194
0.1 0.078 0.078 0.100 0.100 0.100 0.100

Pnomsp  HP nominal capacity (at 0°C evaporator input / 35 °C condenser output for water HP)

Asol solar collector area, considering roof surface availability

Ageo geothermal footprint, considering ground surface availability and a borehole length of 250m
Limit* available roof or ground surface in m? per m? of heated floor area of the building

Table B1: Sizing of system components for the different building types, taking into account the roof/ground area limitation



Annex B Highrise and lowrise comparison (Efinai and SPFfinai)
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Figure D1: Comparison between highrise and lowrise building results, with respective linear regression, in terms of Ejinas (left) and SPFsina (right).



Annex C  Hourly versus daily PV-HP match
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Figure E1: Self-consumption (Eses) and purchased electricity (Esinar), hourly versus daily match.
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Figure E2: Purchased electricity (Efinal), relative discrepancy of hourly match versus daily match.
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Figure E3: Required daily storage capacity (Estorage), average versus maximum value.



