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Abstract: In new and refurbished buildings, different energy sources are usually exploited to reach
the Near Zero Energy Building target. Heat pumps and renewables are the most common adopted
technologies. The coupling of the different components with a control logic conceived to exploit
all energy contributions causes an implied design complexity. In this paper, two case studies were
reported regarding the use of multisource heat pump systems: as main novelties, the correct design
of the solar field (thermal or photovoltaic/thermal) in relation with the other sources (ground heat
exchangers, ventilation heat recovery) for a given building and climate was reported in order to
balance the energy drawn and injected into the ground around the year, and to attempt to reach the
independency from the electric grid. Moreover, the relatively complex (compared to conventional
heating or cooling) system controlling for multisource heat pump plants was simulated. The paper
reported on the design of the plant, of the control logic, and the energy performance of two original
multisource heat pump systems by means of dynamic simulation. In one case, real measured data
were available as well. Very high primary energy ratios were obtained due to suitable control logics of
the multisource plants, around 1.4 (based on measured data) and 4.7 (based on simulated data) for the
first and second case, respectively. As a consequence, non-renewable primary energy consumptions
of 37 and 3.9 kWh m—2 }F1 were determined, respectively.

Keywords: heat recovery; grid dependency; ground source heat pump; multisource heat pump;
photovoltaics; PVT; solar thermal

1. Introduction

Low energy buildings, and above all modern Nearly Zero Energy Buildings (NZEB),
are based on the minimization of non-renewable primary energy consumption. The wide
use of high efficiency heating/cooling systems, the integration of renewable energy sources,
and a high level of thermal insulation of the building are the most suitable strategies to
reach this goal. The heat pump is one of the most efficient systems to be considered.
Particular care is advisable with regard to the selection of both the heating system (to lower
the heat supply temperature) and the heat source. This second aspect should be carefully
evaluated as the potential advantages of alternative heat sources could be significant. The
most common heat source of a heat pump is the outside air: it is (at first sight) free and easily
available. Nevertheless, the energy cost of air movement and its decreasing temperature
when the building thermal load is increasing determine the decreasing of the coefficient of
performance (COP) and thermal capacity [1]. That is why there is an increasing interest in
dual source systems during the last decades, both from the experimental and the theoretical
points of view.

The main idea in dual source systems is that the heat pump absorbs heat from two heat
sources. Two arrangements are widely studied: air source heat pump/solar collectors and
ground source heat pump/solar collectors [2]. Two configurations are typical: “in series”
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(the two sources are aligned in series so that the former raises the temperature before that
heat is taken from the latter) or “dual source” (the heat pump takes heat choosing time by
time the most favorable source from the thermodynamic point of view) [3,4].

In the past, the authors studied by dynamic simulation several scenarios to define,
given an additional budget for the heat pump system, whether it is a good option, from the
primary energy consumption point of view, to invest in ground source or in solar source for
the heating system [5]. The results highlighted that, both for absorption and compression
heat pump systems, the dual source configuration is the most energy efficient solution,
sizing the ground exchangers to allow a minimum ground inlet temperature of —2 °C, and
spending the rest of the budget to buy solar collectors.

Cai et al., developed a dynamic model to simulate the behavior of a photovoltaic/thermal
(PVT)-air dual source heat pump water heater system [6]. In this system, a PVT evaporator
and an air source evaporator were connected in parallel to recover energy from both
solar and environmental sources. The authors concluded that the dual source heat pump
system employing the PVT collector is more efficient than that utilizing a normal solar
thermal collector.

The operation characteristics of a dual source multifunctional heat pump system were
investigated in [7]. A theoretical and experimental analysis of an air source and solar energy
heat pump was carried out under various working modes to provide air conditioning
and domestic water all year round. Chargui et al. [8] studied a dual source heat pump
system with a ground heat exchanger and a flat plate collector integrated in the building
roof. By means of experimental data and Trnsys® dynamic simulation, they demonstrated
that the COP of the dual source heat pump was enhanced with the increase of the solar
radiation during the typical sunny day in the heating season and with the solar collector
area. In [9], three different systems were investigated for a single family house through one
year simulation by Trnsys® software: a dual source (air and PVT) heat pump integrated
with two storage tanks to directly store the hot water for domestic hot water (DHW) if
the water temperature reached the set point or to send it to the cold storage to act as heat
source; an air-water heat pump integrated with standard photovoltaic panels; and an
air-water heat pump integrated with hybrid PVT panels for DHW production only.

Multisource is an extension of dual source, when more than two heat sources are
used by the heat pump. In [10], an integrated heat pump system utilizing a geothermal
field, solar energy, and drain water heat recovery was empirically studied. The continuous
monitoring of the real COP of the space heating plant allowed useful adjustments of the
control system to enhance the efficiency to be proposed. Barbieri et al. [11] developed a
model of a multisource and multi-energy plant in the Matlab® environment. The goal
of their study was the optimization of the size of the different technologies by using a
genetic algorithm, with the goal of minimizing the primary energy consumption in different
climatic zones.

Different combinations of a PVT collector and a multisource (air, solar, and ground)
heat pump for space heating and DHW production of a single-family house located north-
east of Italy were investigated by Trnsys® in [12]. A dedicated mathematical model based
on the equivalent electrical circuit was developed by the authors for the estimation of the
electrical and thermal performances of PVT. An appreciable increase of energy efficiency
between 14% and 26% compared to a standard air-to-water heat pump system was reported.
Han et al. [13] studied a multisource hybrid heat pump system with seasonal thermal
storage utilizing solar, geothermal, and air energy. By optimizing the transition conditions
of the different operating modes, the average COP of the system with seasonal thermal
storage was 3.06, which allows a simple payback period of the multisource heat pump of
4 years.

In contrast to the previous studies, recently the authors studied a configuration with
the coupling of evacuated tube collectors and PVT modules to drive an absorption heat
pump-based plant [14]. By means of dynamic simulations, the optimal sizing of the storage
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tanks, of the ground heat exchanger, and of the two solar fields in two different climates
was developed.

As a matter of fact, there is a complexity both in the design phase and in the controlling
because such systems include many different appliances. To the authors’ best knowledge,
very few works have focused on the optimization of the control strategy. For example,
Miao et al. [15] identified more than 10% difference of heating energy usage of a water-
to-water heat pump system integrated with solar thermal collectors, vertical boreholes,
and horizontal underground loop by comparing two different control strategies. More
recently, Emmi et al. [16] studied the thermal and electrical behavior of a water-to-water
heat pump system facing heating, cooling, and DHW loads, supplied by two thermal
reservoirs connected to a solar loop (composed either of solar thermal collectors or PVT
collectors) and to a ground loop. The authors described the control strategy to vary the
set-point temperatures to simulate different management choices and operating conditions.

Recently, a review of the solar-assisted heat pump technology identified the multi-
source heat pump and its control logic as one of the key technological challenges for the
present and the future of this technology [17].

In this paper, the authors reported on two case studies in which they were involved in
the recent past, where the dynamic simulation was a useful tool to design the multisource
heat pump system and its control logic with the aim of the best energy performance
in terms of minimization of the non-renewable primary energy consumption. A high
grade of independency from the electric grid was a second goal obtained for one of the
two cases. For both the cases presented, the main ideas driving the design phase of
the plants were introduced first, and the outstanding elements of the control logic were
described successively.

The first case study refers to a school building (built and operative since 2009) in
Agordo, a mountain resort in Belluno province, North Italy [18,19]. Different solutions
were evaluated with respect to the heating and ventilation systems through dynamic
simulation. An integrated source absorption heat pump system was designed to fulfil the
needs of the building: the sources were ground, sun, and recovery on ventilation. The
control logic conceived by the authors provided that the system works at two different
temperature levels: a higher one for the ventilation system and a lower one for the radiant
floor space heating system. The two different systems work independently and with
different time schedules. For this case study, an analysis of the energy performance was
carried out based on the evaluation of data obtained through real-time monitoring of the
HVAC system in operation for many heating seasons.

For the second case study, a dual source glazed PVT/ground heat pump system cou-
pled to a retrofitted part of an old school building in the north of Italy was presented [20].
Such a configuration allowed the thermal efficiency of the plant and the electric efficiency
of the PVT to increase, preventing the risk of cell damage due to overheating. The con-
temporaneity of different thermal loads during the year (DHW, heating, and cooling)
made it necessary to set up a suitable scheme of the HVAC plant and its control logic by
dynamic simulation. After describing the modeling hypotheses of the HVAC plant, and
the operation control logic of the dual source heat pump system, different solutions were
compared to evaluate the energy performance.

As the originality of this study, the conceptualization of innovative control logics and
their dynamic simulation by means of Trnsys® are presented for two real HVAC plants, in
order to attain very high efficiency and low non-renewable primary energy consumption,
and the best configuration in terms of integration and management of renewable energy
and multisource heat pump systems.

2. Methods

The two case studies are here described, focusing on the control logic of the multi-
source heat pump system that allowed us to attain very interesting energy performance.
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2.1. A Multisource Heat Pump System for a New School Building: Design Phase

The authors contributed to the design, monitoring, and data analysis of the multi-
source absorption heat pump plant of a new school building in the town of Agordo (North
Italy). In this site, the climate is a temperate one (Koppen climate classification, Cfb-Cfc)
with cold winters (3376 heating degree days—HDD) and mild or cool summers. The main
building features are: 5680 m? of heated area and 19,640 m? of enclosed gross heated
volume (Figure 1).

-
oy ¢ o
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Figure 1. View of the school building in Agordo (from south).

A simplified functional scheme of the plant reports the main hydraulic streams and
energy flows (Figure 2). As the building is mainly closed or unattended in summertime,
no cooling loads are present, and the plant was designed to serve for the sole purpose of
heating and ventilation. The very reduced demand for hot tap water is fulfilled by means
of electric water heaters.
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Figure 2. Reduced functional diagram of the HVAC plant. The main mass and energy flows (gas,
ground, solar, and recovery) are shown.
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The HVAC plant is set up by two main sections, space heating (the left part of Figure 2)
and ventilation (the right part). Both sections feature two ammonia-water absorption heat
pumps (model Robur GAHP-W-LB, HP1-HP4 in), producing thermal energy at 45 and
55 °C, respectively. The geothermal heat pumps are modeled in Trnsys® by a self-developed
type (type 701), based on Robur’s operation data. The type allows different cold sources
(ground, solar, heat recovery) and the daily alternative operation of the two heat pumps
for each section to be managed. The geothermal exchanger (total length 960 m, 6 probes x
160 m each in a parallel row for the heating section; total length 750 m, 6 probes x 125 m
each in a row for the ventilation section) is constituted by vertical double-U pipes, with
an outer diameter of 32 mm and a thickness of 2.9 mm. It is simulated by type 131, a
Trnsys® type developed during 1990s on the base of the Hellstrom and Eskilson model on
vertical geothermal heat exchangers [21]. Moreover, the plant includes 50 m? of flat type
solar thermal collectors (4 arrays in parallel, each of those made of 5 modules in series),
simulated by Trnsys® type 73.

The heat recuperators downstream of the AHU are a static cross flow type, with
an efficiency of 50%. Run-around coils are installed at the outlet of two out of four of
AHUs (the one of the laboratories and the one of the teaching rooms, for a global volume
flow of 20,600 out of 25,000 m3 /h) to further increase thermal recovery when the external
temperature exceeded 0 °C. The run-around coils can operate on the exhaust flow of a heat
exchanger; the heat recovered can be sent to the evaporator of the absorption equipment
(see next section for the control logic). Both the heat recuperator and the run-around coil
are modeled by self-made types (types 712 and 713, respectively): The former has the
efficiency and the inlet air temperature and humidity as known inputs to calculate outlet
air conditions; the latter allows to calculate the water outlet temperature by means of the
heat exchange with air.

The HVAC system in teaching rooms, laboratories, and offices provides space heating
by means of a radiant floor and ventilation by means of three independent AHUs, each
of those serving a single duct system. The auditorium is served by an all-air system.
According to the UNI EN 12831:2006 standard, the maximum thermal load is 146 kW for
space heating and 122 kW for ventilation, with the design indoor conditions set to 20 °C of
air temperature and the ventilation being neutral (air supplied at 20 °C).

Heat pumps are designed to cover the base load, whereas a condensing boiler sup-
plements the peak load as well as it is a backup for an eventual fault of the heat pumps
(Table 1).

Table 1. Heating generators of the central HVAC plant.

Component Rated Capacity (kW) Rated Efficiency

HP1 + HP2 74 (BOW60) 1.25 (GUE)

HP3 + HP4 76 (BOW40) 1.40 (GUE)
Boiler 114.4 1.02 (condensing)

2.2. A Multisource Heat Pump System for a New School Building: Control Logic
2.2.1. The Space Heating System

The most important element in the control system is the algorithm to determine the
most suitable heat source at every time. The two absorption heat pumps of the heating
section can use both the solar circuit and the ground circuit. For the best exploitation of
the energy sources (i.e., from the exergetic point of view), the best choice is to use the solar
collectors’ loop to heat (or, at least, to preheat) the radiant floor circuit, if the temperature is
high enough. As a matter of fact, if the energy collected by the solar panel is sufficient, the
space heating can be obtained for free (except for the pumping energy).

Downstream, if the solar loop temperature after the preheating of the floor circuit is
higher than the ground temperature, the water from the solar system can be used on the
secondary fluid side of the heat pump evaporator. Should the solar system be off, or the
temperature of the solar loop be not high enough, the heat pumps use ground heat.
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Following these considerations, the evaporation temperature is always kept at the

highest possible level, thus leading to the highest average COP.

The control of the solar system follows the strategy shown in Figures 3 and 4 explained

as follows:

1.

Wintertime with space heating system on:

e  The solar circuit pump is active if the radiation (constantly monitored with a
solar radiation probe) is higher than a threshold value I defined as:

o al(Tm - Toa)
10 — Ymin

It

I7 is the radiation that provides the minimum acceptable efficiency #min given
the solar field characteristics in terms of 1 (zero-loss solar system efficiency), a;
(heat loss coefficient), the minimum average temperature desired T}, and the
outdoor temperature T,,. The desired T, was set at 5 °C and #n to 0.01. 779 and
a1 can be calculated from the respective values referred to the single collector, i.e.,
0.75 and 4.14 W/(m? K), multiplied by CF5 which is the series correction factor,
equal to 0.881 (for 5 collectors in series). IT can be set, for instance, at 200 W/ m?;

e  If the solar circuit outlet temperature exceeds 38 °C (i.e., the radiant floor supply
temperature increased by 3 °C), the solar outlet goes into the plate heat exchanger
to preheat the return flow from the radiant floor loop, otherwise the exchanger is
bypassed;

e  If the solar radiation is higher than a given value (that can be set, for instance,
at 800 W/m?), once the solar loop flow has left the exchanger, it returns to the
collectors to optimize the thermal levels;

o If the temperature of the solar loop flow leaving the exchanger is higher than
5 °C (exchanger outlet temperature or collector outlet temperature), the flow
goes to the evaporator of the heat pumps that are currently facing the baseload;
instead, if the temperature is lower, the flow returns to the collectors;

e  From the evaporator, the flow returns to the collectors.

Wintertime with space heating system off:

e The solar circuit pump is active if the radiation is higher than the threshold
value It;

e  Since the space heating plant is off, the solar loop flow goes into the ground
exchanger, from where it returns to the collectors.

Summertime:

e  The operation is identical to the previous case.

2.2.2. Ventilation System

When at least one AHU is on and one of the two heat pumps is running, the required

conditions to activate the heat recovery circuit are (Figures 5 and 6):

Exhaust air outlet temperature from the cross-flow exchanger is higher than 10 °C,
which means an outdoor air temperature of 0 °C. This returns a water temperature on
the recovery finned coil which is mostly higher than that returned from the ground. A
different heat source than the ground leads to a reduction in pumping cost (the coil
loop has a lower pressure drop than the ground loop);

Evaporator outlet fluid temperature above 1 °C, to avoid frosting problems on the
recovery finned coil.

If all these conditions are verified, the heat recovery circulation pump is switched on,

as well as the three-way valve of the evaporator circuit.
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Figure 3. Flow diagram of the space heating control system.
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(c) with solar collectors and

high insolation; (d) in summer mode.
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Figure 5. Flow diagram for ventilation recovery control system.
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Figure 6. The ventilation plant operating with ground exchangers (left) and in ventilation recovery
mode (right).

2.3. A PVT Multisource Heat Pump System for a Retrofitted Gym: Design Phase

The second case study concerns the retrofitting of a part of an old (completed in 1960)
high school building of Feltre (Northern Italy) that will be started in 2021. The climate is
rather severe in wintertime (3100 degree days). A large gym (33 x 25 x 8.40 m) expanding
on two levels and other rooms (changing rooms, bathrooms with toilet and showers, and
technical rooms on the ground floor; an office, a small gym and a bar on the first floor; six
laboratories on the second floor) will be refurbished with the aim of realizing a NZEB, with
a total floor area of 2435 m?, and an enclosed gross heated volume of 11,060 m3.
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The design phase was based on Trnsys® dynamic simulation, defining 20 thermal
zones, each with a suitable scheduling of the presence of people, lighting, and other internal
gains, humidity, and air temperature set points.

The HVAC system provides ventilation by two AHU, space heating and cooling, and
DHW production. It is set up by a solar section composed of glazed PVT and plain PV that
drive a heat pump which satisfies all the loads. The thermal energy produced by the PVT
provides DHW heating or at least preheating; moreover, it can act as a cold source of the
heat pump. The various components are connected via suitable storage tanks as depicted
in Figure 7.

TR
PVT < \
SP EMt Crv‘hw
oF - ko —~ Tout_not_tank M4 Tanw
v HEAT ' EVG g — erecrre 0 ET.ECTR\C
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LOAD
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LOAD

s

Figure 7. Simplified functional diagram of the HVAC plant.

The large gym is heated by a radiant floor system, and it is cooled by an all-air system
providing the ventilation service (6600 m3 h™1). Another AHU (7000 m? h—1) provides
ventilation for the laboratories that are heated and cooled by fan coils. The other rooms
(small gym, bar, and offices) are equipped with fan coils as well, whereas toilets are heated
only (by radiators).

The glazed PVT collector was modeled by the type 50c (based on the type 1 modeling
the solar thermal collector based on Hottel-Whillier equation). The main features refer to a
real glazed PVT module available on the market [20]. The mass flow rate entering the PVT
field depends on the series/parallel configuration. In this case, this is set up in two equal
groups where the collectors are in parallel with a group in series with the other, as in the
parametric study the solar field varies between 20 and 60 m? (Table 2). Such a configuration
allows one single value for the mass flow rate; that is, a single circuit connecting the solar
section with the ground.

An operation threshold of the solar radiation intensity (S) between 50 and 100 W m—2
and a comparison between the tanks set points and the temperatures in the different circuits
(Figure 7) is the base of the control logic of the plant.

The ground field is composed by n x 100 m in a row of vertical tube U heat exchangers,
distance 6 m, n = 3—4-5 as a function of the solar field area as described in Table 2. It is
modeled by type 557a. The tanks, whose sizes for each alternative considered in this study
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are reported in Table 2, are modeled by type 60d (pre-DHW tank, DHW tank) and type 4a
(hot tank, cold tank, heat source tank). In case the temperature in the upper part of the hot
tank and the DHW tank is below the set point (50 and 45 °C, respectively, with a dead band
of 3 °C) and the main generators (PVT and heat pump) are not available, a 3-kW auxiliary
electric resistance supplies the heating and DHW load, respectively.

Table 2. Size of the solar and ground fields, and of the storage tanks for the alternatives considered.

. Solar Field N. Boreholes (100 m Pre-DHW Heat Source
Alternative PVT (m?) Depth Each) Tank (L) DHW Tank (L) HotTank (L)  Cold Tank (L) Tank (L)
20 m?>—5 20 5 1500 500 1500 1000 2000
40 m>—3 40 3 1750 750 1500 1000 2000
40 m?>—4 40 4 1750 750 1500 1000 2000
60 m>—3 60 3 2000 1000 2000 1000 2500
60 m>—5 60 5 2000 1000 2000 1000 2500
Type 927 models the water—water heat pump. The performance is simulated on the
basis of nominal data from a manufacturer at the operating temperatures of the heat source
and sink varying in useful ranges (respectively, T source tank < 25 °C and hot tank or heat
source tank max 52 °C). Table 3 reports the outlet of the valves and the status of the pumps
for the three main operation modes of the heat pump.
Table 3. Status of pumps and valves control variables for the HP—chiller loop (refer to Figure 7).
1. Operation as Heat Pump 2. Operation as Heat Pump 3. Operation as Chiller (with
Pumps/Valves with Contemporaneous without Contemporaneous Cooling Demand) with
Cooling Demand Cooling Demand Saturation of the Hot Tank
LH 1 1 0
G F 1 0 1
P2 OFF OFF ON
P3 ON ON ON
P4 ON ON OFF

2.4. A PVT Multisource Heat Pump System for a Retrofitted Gym: Control Logic

The plant is conceived by four main loops (Figure 7). The PVT—source tank—ground
loop (Figure 8) includes the dual source (PVT and ground by vertical tube boreholes)
heat pump; the excess heat produced by the PVT field is directed to the ground, mainly
in summer. The DHW load (2000 L per day) is satisfied by two storage tanks. In the
pre-heating DHW tank, water from the mains is heated by the PV cooling water when
this is not directed to the heat source tank or to the ground. The DHW tank completes
the heating to the set point temperature. The presence of the pre-heating DHW tank is
essential as it allows to usefully cool down the PVT by the fresh water from the mains.

In the heat pump—chiller loop (Figure 9a), the heat source tank is supplied either by the
ground or by the PVT, whereas the hot tank satisfies the heating load (it is alimented by the
heat pump condenser). The cold tank faces the cooling load, and it is connected to the heat
pump evaporator. During the operation as a chiller, the condensation heat can be usefully
exploited for post-heating or DHW heating. The ground can be usefully recharged during
summer by the heat pump condenser or the eventual excess heat from the glazed PVT, so
the latter can be maintained at an acceptable temperature. Finally, the heating-DHW loop
allows the hot tank to contribute to the DHW and heating loads (Figure 9b).
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3. Results and Discussion

Besides the design phase of the plants and of the control logic, the authors carried out
an extensive analysis of recorded data during the period May 2012-April 2017 for the first
case study. Furthermore, they realized a detailed dynamic simulation for the second case
study. In both cases, the main scope was to analyze the energy performance of the plant.
Here the main results are very briefly summarized [19,20].

3.1. First Case Study: The Importance of Monitoring for the Energy Performance during the
Years Operation

Referring to Figure 7, many cumulative energy flows were logged hourly:

Condenser and evaporator of each heat pump (at the collectors);
Ground circuits, separately for ventilation and space heating;
Primary circuit of AHU heating coils and run-around coils;
Solar circuit;

Primary circuit of the radiant floor.

The natural gas (NG) consumption obtained from the monthly bills was almost steady
or in a slight decrease during the 2012-2017 period, so the management was not worried at
all. Instead, the availability of data records and a careful analysis allowed us to identify the
bad working of the solar section for long periods (due to the failure of one single collector
without its replacement), and the wrong priority of the boiler with respect to the heat
pumps (Table 4).

Table 4. Heating section generator priority and solar field operation during the five heating seasons monitored.

Heating Section

Heating Season Generator Priority Generator Backup Solar Field
2012-2013 HP3 + HP4 Condensing boiler 09/12-04/13 OFF
2013-2014 HP3 + HP4 u1.1t11 02 / 14, then Condensing boiler till 02/14, Till 12/13 OFF

condensing boiler then HPs
2014-2015 Condensing boiler HP3 + HP4 08/14-04/15 OFF
20152016 Condensing boiler HP3 + HP4 05/15-04/16 OFF
2016-2017 Condensing boiler until 01/17, HP3 + HP4 until 01/17, then 05/16-09/16 OFF

then HP3 + HP4 first condensing boiler

As a consequence, the total PER (PERyt, the ratio between the useful thermal energy
produced (for heating and for ventilation by heat pumps, boiler, and free renewable energy
(solar + static recuperator)), and the primary (non-renewable) energy consumed) in the
14/15 and 15/16 heating seasons decreased noticeably with respect to the first two (12/13
and 13/14) (Figure 10). The monitoring of energy data revealed that the PERy; and the
specific primary energy (PE) demand (NG consumption (expressed in kWh) per square
meter of heated area) newly featured acceptable values during the last season 2016-2017,
due to the correct operation of the solar field and the heating section heat pumps, even in
the presence of a long heat pump stop for maintenance.

A comparison was carried out between the monitored seasons in terms of the annual
thermal energy supply, the NG consumption, and the HDD (Figure 11). The percentage
variation of supplied energy and NG consumption with respect to the first heating season
is reported as well. The main information from the figure is that the comparison based
on NG consumption only can be misleading. For example, during the 2013 /2014 season
(the one with the highest efficiency, Figure 10), NG consumption was 9% lower than the
2015/2016 season, even if the supplied thermal energy was 16% higher. As a matter of fact,
other than HDD variables influence the building energy demand as can be observed by
a thermal demand 16% higher in the 13/14 season with respect to the 15/16, even with
a 11% lower HDD. For example, different settings in the room thermostats by lowering
the values of 23-24 °C (recorded during the first years of operation) or by attenuating the
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temperature during Christmas holidays can be one effective variable. Another variable
can be a higher internal and/or solar heat gain: In effect, horizontal total solar radiation in
November and December was 63 kWh m~2 in 2014 and 102 kWh m~2 in 2015.

Heating seasons: total plant energy balance
Boiler HP Solar direct & Static rec
M Secondary source to evap 1 Ground to evap O PERtot
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Figure 10. Seasonal energy contribution from different sources (energy from heat pumps generators
(HP), from heat pump evaporators both from ground and secondary sources, heat recovered by
static recuperator, solar direct, and from boiler, expressed as thermal energy) to the global (heating +
ventilation) energy need, total PER, and specific primary energy consumption (PE). PERtot* and PE*
were calculated considering pumps’ electricity consumption as well.

=O=Total (kWht) NG total (kWhp)  =C=HDD*10 =O-Total (%var) NG total (%var)

300,000 - r 25%
258478 - 20% =
250.000 245200 3
’ ] 234480 N
- 281212 e &
] )
S 206445 205952 N
2 200,000 [o% 2
T a5 179518 g
R 169533 5% 2
= g
§_, 150,000 o S 0% =
Se 3
> \~ —
& ~~. <
7] oo - 5% 2
c ~a =
w - (T
100,000 - ~~“Q =
[N 0 - -10% S
N\ P d ()
N td [T
N\ rd ©
SN Pid - -15% £
50,000 - ~ L g
o —0— —O— ~5736078 H - -20% &

37949 31929 33607 36141
0 -25%
2012-2013 2013-2014 2014-2015 2015-2016 2016-2017

Figure 11. Seasonal total thermal energy need (in thermal kWh), NG consumption (in primary energy
kWh), and heating degree days (HDD). The percentage variations with respect to the first heating
season are reported as well.
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Another meaningful comparison from Figure 11 reveals that, despite a small difference
in HDD (3795 against 3608), in the season 2015/2016 the NG consumption was 10% lower
than in the first (reference) season (2012/2013), even if it is the season with the lowest
PERtot (1.10). The different values of the latter are the main reason because the supplied
thermal energy in 2015/16 season was more than 20% lower with respect the reference
season (205,650 vs. 258,478 kWh;) while NG consumption reduced by less than 10%.

3.2. Second Case Study: Photovoltaic Cogeneration to Activate a Double Source Heat Pump

The comparison between the different alternatives of Table 2 based on annual energy
results allowed to identify the best plant configuration in terms of PVT area, length of the
geothermal probes, and tanks’ capacities.

Each alternative also provides 60 m? of plain PV. The primary energy saving with
respect to a traditional solution (NG fired condensing boiler (100% efficiency on lower
heating value), and an air-cooled chiller with monthly mean EER as reported in 20) increases
less than proportionally to the PVT area. In fact, the thermal contribution is in excess of the
demand already at 40 m? (Figure 12). As a matter of fact, the thermal efficiency of the plant
decreases when the PVT area increases. Concerning the ground heat exchanger length,
an increase from 300 to 500 m does not allow any advantage, as a smaller value is more
effective. Instead, it would increase the capital cost of the plant.

Primary energy PVT+PV+HP vs traditional
200 -
Savings
150 - PV/PVT self-produced
and used in the plant
100 1 85:32 85.25
N 7236 7221 PVT/PV self-produced
50 - : and available for other
5.6d 3786 37158 70 A3 uses
0 4
s 2381 -19.18 -19.48 -17.70 716.64 W pvT/PV El from the
T 50 - grid
100 - Trad NG for boiler
B 2172.37 -172.79 -172.76 -173.77 -173.70
-150
Trad El for air
200 4 e 2514 2513 24.75 -25.08 chiller + pumps
Consumptions
-250 T
20m2-5 40m2-3 40m2-4 60m2-3 60m2-5
boreholes boreholes boreholes boreholes boreholes

Figure 12. Non-renewable primary energy comparison between the five considered different alterna-
tives, each compared with the conventional solution.

The best alternative considers three ground probes, 100 m each, and 60 m? PVT (plus
the above considered 60 m? of plain PV). This configuration of the plant allows many
advantages: a suitable PVT cell cooling to keep the electrical efficiency not far from the
nominal value (16% in peak condition) even if the PVT is glazed; a very high PER (around
5) for the combined operation of the heat pump producing simultaneously useful heating
and cooling for long during the year. Moreover, the PVT thermal contribution (full DHW
demand covered from February till November and heating + DHW satisfied from April till
October) allows a high efficiency of the whole plant (PER_plant) (Figure 13).
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Figure 13. Annual values of the thermal, electric, and total efficiency of the PVT plant, PER of the
whole plant, and the specific non-renewable primary energy consumption.

The produced electricity by the plain PV field and the PVT makes the HVAC plant
completely energy self-sufficient on a yearly basis. The electricity that exceeds local
requirements from March to October is available for other uses of the building, or it is
exported towards the grid. The electricity external dependency from the grid can be
observed only in January and December, whereas in February and November the self-
produced electricity is clearly prevailing.

On a yearly basis, the traditional plant primary energy consumption is 198.5 GJ,
whereas the proposed plant has a surplus of 116.7 GJ.

4. Conclusions

As a conclusion from the first case-study, the authors” analysis revealed that not only
a suitable design of the plant and its control logic is necessary, but an in-depth energy
analysis based on data monitoring during the operation is a key factor to keep the energy
efficiency at or even above the designed value. This is especially true in a multisource heat
pump plant that often appears redundant to the service: if some components fail, they will
not be soon replaced when this failure does not produce a plant stop. The integration of
different heat sources remarkably increases the efficiency of the system in terms of primary
energy consumption. This happens because the control logic allows a high exploitation
of the solar heat as of a meaningful fraction to the space heating need and as heat source
to the evaporator of the heat pumps. Moreover, it allows a large share of the evaporators’
energy need for the heat pumps to be supplied by the ventilation recovery.

In the second case study, a suitable control logic developed by the authors for a
dual source (ground + glazed PVT) heat pump system allows the ground regeneration by
cooling the PVT, thus keeping the electric efficiency of the cells close to the peak value.
Furthermore, it allows the heat sources to decouple from the heat pump by a suitable
disposition of storage tanks. This permits the efficient use of the heat pump as a chiller
with useful heat recovery to face the contemporaneous heating and cooling building loads.
The design of the plant by means of dynamic simulation revealed the best alternative and
the advantage of increasing the solar field to a certain extent to reduce the ground field
extension with better performance and lower costs. As a further result, the plant is more
than self-sufficient for electricity on a yearly basis.
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Comparing the two case studies, very high primary energy ratios (around 1.4 based
on measured data, and 4.7 based on simulated data) were determined for the first and
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Nomenclature

AHU  Air Handling Unit

cor Coefficient of Performance
DHW  Domestic Hot Water

EER Energy Efficiency Ratio
HDD  Heating Degree Days

HP Heat Pump

HVA Heating, Ventilation, Air Conditioning
NG Natural Gas

NZEB Nearly Zero Energy Building
PE Primary Energy (kWh)

PER Primary Energy Ratio

PVT Photovoltaic/Thermal

Symbols

M heat loss coefficient of solar thermal collector (W m—2 K1)
It solar radiation intensity (W m~2)

S measured solar radiation intensity (W m~2)

Tm minimum average temperature desired (°C)

Toa outdoor air temperature (°C)

Mo zero-loss solar thermal collector efficiency

Hmin minimum acceptable efficiency of solar thermal collectors
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