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Abstract

The Solar Assisted Heat Pumps represent one of the most interesting examples in the field of heating
systems based on the interface of different generators. The present work provides a general overview
about the topic of the solar assisted heat pumps, with specific attention to the current limits and
potentials. Then, the pilot plant at Palacus is presented: a solar assisted heat pump is interfaced with
hybrid panels and it represents the missing link between laboratory prototypes and full scale working
plants. The most interesting part of the plant and its core is represented by the data acquisition system
which allows an almost automatic control of the plant and a continuous collection of the over 50
measured working parameters of the facility. Indeed, this extended database will be used to validate
a numerical transient model developed in TRNSYS environment. Thanks to this model, different
optimisation analyses will be carried out, to increase the plant efficiency. In particular the following
topics will be enquired: insulation of the connection pipes between the heat pump and the solar field
and strategies to exploit the SAHP-PVT from both the thermal and photovoltaic point of view. In
addition, the plant will be simulated at five different locations over Italy representing the main
climatic zones, to carry out a preliminary simplified assessment tool to predict the SAHP performance
according to the degree days of the installation site.
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Solar assisted heat pump
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1. INTRODUCTION

“We have been hostages of our way of thinking for a long time. We seem to act only because of fear.
The topic of sustainability comes from fear as well, fear of destroying our planet and this unleashes
the best energies we have. But in the name of fear. We seem to have lost that human capability to
conquer the future because we want, because we are daydreamers, to have a better opportunity. We
are no longer used to burning the bridges behind us. And this slows us down tremendously, because
a part of our mind is still thinking how to save the past, while inventing the future.”

Alessandro Baricco

The current political situation, the crisis makes the topics of energy independence and decarbonisation
even more actual, as the oil crisis in the 70s enhanced the very first steps in energy efficiency
strategies. Figure 1. 1 shows the historical chart for crude oil prices (1).
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Figure 1. 1: crude oil prices per barrel historical chart (1)

When the war among Israel, Egypt and Syria broke out, in 1973, the prices for crude oil experienced
a steep increase from less than 40 $ up to 140 $. Then the maximum peak reached occurred in 2008
(180 $ per barrel) because of the tensions due to the nuclear policy carried out by Iran. Luckily, the
peak in the price was concerned with a very brief period (differently from the crisis in 1973) and the
trend oscillated between 60 $ (2015) and 100 $ reaching the historical lowest value (20 $) during the
coronavirus pandemics in 2020.

The Russian invasion of Ukraine has determined a new steep increase in the oil prices, occurred
within just a couple of weeks, reaching values which are comparable to the ones in 1973 (100 $, still
increasing with no apparent sign of arrest). The political and economic situation are recreating very

13



similar conditions to the ones in 1973 in which the energy efficiency topic was taken in the centre
stage on national policies.

The European countries are burning the bridges of fossil (Russian imported) fuels behind them, not
for energy but for political reasons and this represents our greatest chance to definitively step into an
energy system fully based on renewable and more green energy sources.

Actually, the immediate response of many European countries (e.g., Italy and Germany) is the
reactivation of many coal-fired power stations which had just been dismissed to stop excessive
pollution (2), (3). This is the clearest proof that all the efforts made in the past fifty years (from 1973)
have not led to a concrete change in the energy generation process. Indeed, the current crisis has
clearly highlighted that fossil fuels still lie in the core of our economy while the renewable sources
are still left aside neither they are trusted to grant our energy demand.
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Figure 1. 2: Estimated renewable share of total final energy consumption (4)

Figure 1. 2 reports that the share of fossil fuels in the final energy demand has remained almost
unchanged over the past decade. The total values reported above can be then distinguished into the
three main energy consuming fields: climate control, transport and power (Figure 1. 3). For each, the
percentage granted by means of renewable sources is very low. The maximum (27.1%) is reached for
power plants, while the minimum (3.4%) corresponds to the sector of transport. As far as heating and
cooling are concerned, the renewable energies take part for only 10.2%.
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Figure 1. 3: Renewable share of total final energy consumption — reference year 2018 (4)

Once again, the watchword is sustainability: we don’t have to abandon the goals reached in the past
years in terms of comfort and green energy production, because the main energy fossil vectors are
lacking. The challenge is tough, but the overturning of the trends above has become mandatory. The
concepts of sustainability and innovation must become part of our way of thinking to shift from
localised, polluting and monopolised fossil energy sources to others such as hydrogen, solar, wind,
hydroelectric which still have a great unexpressed potential and a wider availability over the different
countries.

The present work is focused on solar assisted heat pumps, which belong to the group of plants based
on more renewable sources.

The solar thermal panels can be now considered both mature and technically reliable, thanks to their
diffusion over the past couple of decades. However, they were mainly sold and employed as an
integration to a conventional hot water or space heating system. Also due to the current events, the
development of hybrid systems is the main target soon to grant a plant completely based on
renewables, capable to cover the entire energy demand (space heating and domestic hot water) of
buildings exploiting from time to time the available energy sources.

One very promising possibility is the combination of solar systems and heat pumps giving light to the
so called solar assisted heat pumps. This technology has experienced a former diffusion in the stage
of pilot plants which was not followed by a tangible market diffusion and a widespread application.
The main obstacle was concerned with the need of a too advanced level of automatization to grant a
continuous control on the plant to prevent any block.

Anyway, such plants still have an unexploited potential highlighted both by theoretical studies and
by policies carried out by institutions. For instance, the International Energy Agency has provided a
specific Task (Task 44) of the Solar Heating and Cooling (SHC) Programme, to work on methods
towards most effective use of solar heat pump systems for residential use (5).

Their complexity influences their diffusion on the market and the lack of a common design approach
leads to experimental facilities with very different layouts and working conditions since the
installations are “hand-tailored”. The components (e.g., solar panels, heat pumps) adopted in the plant
might be either taken from the market or specifically built and a large variety of them is available
(e.g., direct/indirect expansion heat pumps, hybrid/thermal solar panels). Some heat pumps might use
different sources (i.e., air and solar) either in series, or parallel or both. As a consequence, the
performances of the different theoretical/experimental solar assisted heat pumps are usually hardly
comparable. Many works available in literature do not clearly define the boundary conditions applied
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to the solar assisted heat pump, making it difficult to compare different systems in equivalent
conditions. Anyway, a common feature of all plants is the transient regime working condition which
in turn requires advanced numerical simulations since steady state analysis can lead to misleading
results, even for preliminary analyses.

Chapter 2 provides a review about the solar assisted heat pumps from their introduction in the 80s up
to nowadays, with a highlight on the gap between theoretical and experimental models. The formers
clearly state the high efficiency and performance of such technology while the latters still reach results
that not always meet the expected results.

Chapter 3 focuses on the case study of the hybrid solar assisted heat pump that provides space heating
and domestic hot water to the Palacus sport palace. Some of its singular features consist in its size
(e.g., heat pump peak thermal power of 48 kW) and in the coupling of the pilot plant to a real facility
where the needs are not simulated in laboratory, but they are real and user dependent. Such installation
is provided with an extended data monitoring and acquisition system (e.g., about 50 control points)
which is intended to replace human management since an almost continuous control of the plant is
required to choose the working conditions which always grant the best performance. The plant has
been active since 2013 and the University working group has had the chance to join the plant
management team, collecting relevant information about the plant working and its critical issues,
mainly associated to the plant durability and its performance as components are subjected to aging
and ruptures. In the present chapter the layout of the plant will be presented, united with the
characterisation of energy demand for both space heating and domestic hot water production. Then
the critical features shall be presented outlining the aspects that can be improved. Indeed, almost all
works carried out deal with solar assisted heat pumps performance neglecting the influence of
durability on the efficiencies.

Chapter 4 faces the modelling of the plant by means of transient numerical simulation in TRNSYS
environment and it illustrates the validation of the different components of the facility reported in the
previous chapter basing on the data collected by the monitoring and control system during the plant
working. Then, some configurations for optimisation are presented as conclusive part of the chapter.
The plant model allows a higher level of reliability since the validation is based on the information
collected during the real working of the facility. The numerical model can be used to simulate
different scenarios to understand which new configuration could lead to a more effective retrofit of
the plant. In fact, the costs for plant revamping are high and preliminary previsions on the achievable
performances also with respect to the cost-benefit analysis are mandatory. In addition, the numerical
model of the plant represents the missing link in the future management of similar complex plants.
The monitoring system collects real time the plant working parameters which are in turn sent to the
model. Then, the model automatically updates, if necessary, the parameters data set basing on the
simulations carried out.

Chapter 5 deals with the integrations applied to the pilot plant, basing on the results of the simulations
carried out and presented in chapter 4. Some have already been implemented, while others are still in
the design stage. The changes apply to the plant scheme, control and building integration.

Chapter 6 resumes the main results and conclusions, including the future developments as well.
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2. Solar assisted heat pumps — a review
The former studies date back to 70s-80s (6), (7), (8), (9), (10) and they all aim to couple different
kinds of solar panels to heat pumps, mutually increasing the benefits and efficiencies of the two

systems. The original outline of the SAHP concept dates back to the 50’s with Jordan, Sporn et al,
(11), (12).

One of the earliest papers (13) describes a plant based on 70 m? of single glazed, flat black coated
liquid circulating copper flat plate solar collectors coupled to an air-to-air split system heat pump. It
was expected to provide about 70% of the annual space heating requirements and 55% of the annual
domestic water heating requirements for the home. The system was conceived to work in parallel,
with the possibility to use a direct solar heating option, by means of low temperature emission system.

The first relevant diffusion occurred after the oil crisis in 1979, but the SAHP have never reached a
technological readiness level comparable to other heating systems, confining their application to pilot
plants or academic research facilities. Indeed, today’s standards completely neglect the case in which
solar panels were coupled to a heat pump as a thermal source with a consequent lack of test and
methods to assess the SAHP systems. Even the market reflects the absence of significative SAHP
plants diffusion. During the first decade of 2000s, different authors carried out a statistical analysis
about the systems on the market, identifying on average about 10 of them on the European market
(14). Such estimation was increased up to 20 in (15) while (16) carried out a more organic enquiry in
2011-2012, identifying 128 combined solar thermal heat pumps provided by 72 companies from 11
countries.

Austria (11)

Switzerland (6)

Denmark (5)

Sweden (4)

France (3)
China (2)
Germany ltaly (2)
(36)

Belgium/Spain/Portugal (3)

Figure 2. 1: distribution of SAHP producing companies by country- (16)

Figure 2. 1 gives very important information about the spatial distribution of SAHP technologies:
among Europe, the countries with milder climate have almost no companies (Italy, France, Spain,
Portugal) as well as the ones in the northern part (Sweden and Denmark) while almost 75% of
companies are located in middle Europe (i.e., Germany, Austria and Switzerland). In addition, even
emerging countries (China) were not really interested in the SAHP at the period of the research. In
conclusion, such spatial distribution highlights one of the first actual limits of SAHPs described later
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more in detail: the diffusion of solar assisted heat pump in southern countries with mild climate is
low due to the lack of economic advantages with respect to the simpler and cheaper air to air heat
pumps. Moving from the geographical spread to the distribution over time of SAHP companies
(Figure 2. 2), just few new ones have entered the market in the past year. In addition, a direct link
between the number of new companies and the oil prices can be noticed comparing Figure 2. 2 with
Figure 1. 1:.
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Figure 2. 2: new companies for SAHP production entering the market every year (16)

On the other hand, northern countries tend to adopt stable, low-temperature sources which are more
suitable to colder climates (e.g., ground sources). For instance, about 590.000 ground source heat
pumps are estimated to have been installed in Sweden in the past three decades. Nowadays about 5-
10 new plants per year are installed on average (17). As far as countries with emerging economies
are concerned, there is still no real interest in the SAHP diffusion due to the economic and policy
asset of the country. However it is important to remember that a relevant contribution on the research
topic is coming from countries with emerging economies such as China, (18), (19), (20).

Going more in detail, in northern Italy only about 1000 small SAHP plants have been installed during
the past years. In our region (Liguria) there are only three operative facilities active: a direct expansion
prototype with hybrid panels tested at Cus Genova (Figure 2. 3), the SAHP with PVT panels pilot
plant at Palacus — Genoa (Figure 2. 5) and a SAHP heating system for a swimming pool located in
Sestri Levante (GE) (Figure 2. 4).
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Figure 2. 3: prototype of solar assisted heat pump with hybrid panels at Cus Genova (21)

Figure 2. 4: solar assisted heat pump with bare solar thermal panels — Sestri Levante (GE) — (22)

19



Figure 2. 5: solar assisted heat pump pilot plant with hybrid panels at Palacus — Genoa

Despite of the statistical analysis, the deep and cyclic interest arising about solar assisted heat pumps
is concerned with the potential, linked to the configuration of low temperature sources with heat
pumps. Such coupling extends the operating range even to conditions where the single components
could not operate, for instance a day with low air temperature that would block or significantly reduce
the efficiency of an air-to-air heat pump. For instance, Figure 2. 6 illustrates the advantages in terms
of Primary Energy Saving (PES) for solar assisted heat pumps simulated at the different 110 Italian
municipalities (23).
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Figure 2. 6: Values of the Primary Energy Saving (PES) index according to the different 110 Italian
municipalities (23)

In addition, the exploitation of multiple sources provides the plant with a further degree of resilience
with different possible working conditions to use according to the climatic conditions. This
improvement brings plant complications as well, in particular in the field of solar assisted heat pumps
where many pilot plants are periodically built and then they are abandoned due to the lack of
automatization and to the number of issues encountered managing the plants.

The present chapter is meant to provide an insight on the different, main components of solar assisted
heat pumps, focusing both on the promising aspects which have been feeding the academic/industrial
interest in such technology and on the actual limits which have slow down the widespread of SAHPs
over the countries. A recall to a common graphic representation approach for SAHP is proposed,
basing on the contents of IEA task 44 / HPP Annex 38 (16). Indeed, the great variety of components,
element disposition (e.g., serial/parallel configuration of the low temperature sources) and
applications (e.g., SH or DHW) lead to different plants which can be hardly comparable if not
classified by means of a common approach.

2.1 Main components of the SAHPs — heat pump

The Heat Pump (HP) technology has an enormous potential for energy saving, since it allows to
deliver heat at higher temperatures for more useful applications (e.g., Space Heating — SH). The
principle has been well known since more than a century (24), but the interest in their application and
development has raised only when the fossil costs have started to increase.

Basically, a heat pump is a heat engine operating in reverse according to the schematic representation
reported in Figure 2.7:
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Figure 2.7: working principle of a heat pump
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From the First Law of Thermodynamics, the amount of delivered heat Qp at the higher temperature
Tp is related to both the amount of extracted heat Qs at the low temperature Ts and the work input W
by means of Eq. 2. 1:

Qp=Qs+W Eq.2.1
The Coefficient Of Performance (COP) is then defined as expressed in Eq. 2. 2 as a ratio between the
useful effect (the delivered heat in the present case) and the input work to obtain it:

COPHp=Qp /W Eg. 2.2
Since a heat engine operating between a higher temperature Tp and a lower temperature Ts has a
theoretical maximum thermodynamic efficiency (Carnot efficiency) as reported in Eq. 2. 3

Nc=(To—Ts)/ To Eq. 2.3
Then the Carnot COP of an inverse heat engine such as the heat pump can be formulated by means
of Eq. 2.4

COPc=Tp/(Tp—Ts) Eg.2.4
Such value represents the upper theoretical value obtainable in a HP system. Real, measured COPs
are usually far below such limit.

All heat pumps provide both a cooling and heating effect at the same time. A heat pump designed to
cool at the lower temperature Ts rather than to heat at the higher temperature Tp can be called
refrigerator with the consequent reformulation of Eq. 2. 2:

COPRrefrig = EER = Qs / W Eqg.2.5
The relation between COPRrefrig and COPHp (Eg. 2. 6) can be outlined by combining Eg. 2. 1, Eq. 2. 2
and Eq. 2. 5:

COPHp = COPRefrig + 1 Eq.2.6
Going more in detail in the working of a heat pump, the conventional cycle of vapour compression
(Figure 2. 8) consists of two heat exchangers, a compressor, an expansion valve and a working fluid.
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Figure 2. 8: mechanical vapour compression heat pump scheme

In the evaporator heat exchanger, the working fluid evaporates at the temperature Tev by extracting
heat Qs from the low temperature source. It is then compressed and gives up its latent heat as it
condenses at higher temperature Tco in the condenser heat exchanger. The condensed liquid is then
expanded through an expansion valve and is returned to the evaporator to complete the cycle.

The difference between the condensing and evaporating temperatures (Tco — Tev) is the gross or
maximum possible temperature lift. The net temperature lift (To — Ts) is less than the gross
temperature lift by the sum of the temperature difference driving forces in the evaporator and
condenser heat exchangers. The Compression Ratio (CR) is the ratio of the corresponding pressures
in the condenser and evaporator pco/pev. All these parameters allow to determine the feasible working
range of a heat pump, given the working fluid.

In practice the real heat pump cycle is in Figure 2. 9 (25). The numbers adopted correspond to the
ones in Figure 2. 8 and the following main steps can be identified:

- 1-2: the vapour is compressed. Point 2’ shows the result in case of an ideal (isentropic)
compressor. The real case shall deviate due to two main issues: firstly, compression occurs in a
definite amount of time giving rise to irreversibility with the heating of the fluid. Secondly, the
volumetric efficiency is lower than 1 and this means that part of the vapour is compressed more
times and it therefore absorbs energy at each cycle. The consequent excess of entropy and hence
enthalpy depends on the compressor design and on the thermodynamic proprieties of the adopted
fluid.

- 2-3: the first part is concerned with superheat removal and since usually the heat transfer
coefficient for de-superheating is lower than the one for condensation itself, a relevant part of the
condenser might be involved in this process. The pressure drop associated to the de-superheating,
determines a lower temperature associated to the real condensing stage with a lower COP for the
cycle. Once the saturation limit curve is entered, condensation occurs and if the condenser still
presents available excess surface area, the fluid can be subcooled. The subcooling would increase
the delivered heat Qs, since the outlet temperature of the condensed fluid is below the one
associated to the limit curve. Usually, sub-coolings of up to 20 K can be reached by means of
additional (and expensive) exchangers which can be reasonable especially for industrial
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applications. As far as domestic case studies are concerned, the subcooling can increase the
difference in temperature of about 5 K without any relevant improvement in the COP of the HP
and it just grants that only fluid in liquid state enters the expansion valve.

- 3-4: expansion takes place in the valve almost at constant enthalpy

- 4-1: a small pressure drop is needed to let the wet vapour flow inside the evaporator as
evaporation occurs and eventually the fluid is overheated if excess surface is available yet.
Anyway, the stage is approximated to take place at constant pressure as both evaporation and
superheating occur throughout the evaporator.

T 2
2) I
Qo ‘

Tco -

- : \

Ts S
Tev ‘ 1

4 QS

Figure 2. 9: T-S diagram with a classic vapor compression inverse cycle

Concerning the irreversibility within the real cycle which negatively affect its performance, the one
associated to the expansion valve could be overcome by means of a reversible adiabatic engine
providing part of the work of compression. In addition, the compression of saturated vapours results
in their superheating with consequent added irreversibility due to the need to de-superheat the vapour.
Such issue could be overcome by isentropic compression up to temperature Tco and then compressing
isothermally at this temperature up to the corresponding saturation pressure. Such improvements
would increase the efficiency of the cycle, but they are too expensive to contemplate for the small
obtainable increase in the COP.

As far as the COP of heat pumps is concerned, Eq. 2. 4 clearly shows that, given a fixed value of Tp,
the performance of the cycle shall improve as the difference in temperature between hot and cold
source (To — Ts) decreases. Indeed, Tp mainly depends on the application of the heat pump (e.g., SH)
while Ts is more concerned with the (external) source with which the HP is interfaced. One of the
most spread and simple solutions consists in interfacing the HP with the external air. This
configuration, for instance in heating, is profitable only when the temperature of the external air
shows very small fluctuations and it remains relatively high. This is typical of mild/hot climates, as
occurs for most of Italian territory. Anyway, in the Countries of Northern Europe, the air temperature
easily falls below 0 °C and its fluctuations over the day cannot allow the profitable use of HP

24



interfaced with the external air since the machine is exposed to blocks due to the freezing of the
evaporator and the COP significantly reduces.

Therefore, more stable sources need to be identified. This is the case for instance HP interfaced with
ground heat exchangers which usually have to reach depths of about 50 m — 100 m, according to the
installation place, to reach a thermally stable layer. Except for specific geothermal areas characterized
by high enthalpy, the cost for the plant construction increases also according to the kind of soil.

Another solution is concerned with the interface with water (e.g., the sea, a river, a lake, or an
underground aquifer). This solution is almost always neglected for several reasons: risks of pollution,
plant complexity and therefore costs, risk of death or radical change of the underwater ecosystem
(which can already occur with a 1-2 °C variation).

In conclusion, the last, available source that can be interfaced with a HP either in alternative or in
series to the ground heat exchanger is the solar one. The installation costs are highly influenced by
the adopted type of panel (e.g., low efficiency solar thermal, collectors, hybrid panels) but they are
normally lower than the ones for geothermal configuration, although solar panels represent a less
stable source than ground.

The present work deals with this last option, enquiring the interface between solar panels and heat
pumps.

2.2 Main components of the SAHPs — solar panels

The solar panels allow the conversion of solar energy either in usable heat (solar thermal panels — T
panels) or electricity (photovoltaic panels — PV panels) or both (hybrid panels — PVT panels). The
solar panels can be considered a mature technology since the former studies started in the end of the
XIX century. Indeed, the first patent for domestic hot water production by means of solar thermal
panels dates back to 1891 while the first patents for photovoltaic panels started to appear during the
middle of the past century.

As far as hybrid panels are concerned, the very first theoretical studies were carried out during the
70s after the oil crisis occurred in 1973. Soon after the first test facilities were realized (26), (27),
(28), (29), (30), (31), (32), (33), (34) adopting PVT panels, both air and water cooled, to increase the
efficiency for electricity production. Then, during the 90s, researchers started to develop “hybrid”
panels where the PV panel was assembled with a thermal module. The double aim was to cool the
PV panel and exploit the heat (35), (36).

Among these three main groups, a large number of models is available on the market, also thanks to
the continuous marketing of new panels with higher efficiencies. Figure 2. 10 shows respectively
some of the most common panels available, in particular a covered and an unglazed thermal collector
(aand b), aPV and a PVT panel (c and d).
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Figure 2. 10: covered and an unglazed thermal collector (respectively a and b), a PV and a PVT panel
(respectively ¢ and d) (37), (38), (39), (40)

The cost of the panels is directly proportional to both their efficiency and the technological level
required to produce them, starting from the unglazed solar thermal panels which represent one of the
cheapest choices, up to the PVT panels which are associated to higher costs.

The actual prices, especially in Italy, are still experiencing a steep increase due to the tax relieves and
more in general to the energy efficiency policies which are coming into force. Anyway, a hybrid panel
IS expected to cost between 2 and 3 times more than a PV panel, while the thermal panels can be
installed usually with an expense between 20% and 50% of the one required for a PV panel.

In any case, some issues are shared by all the available models of solar panels:

- Time shift between daily peak production and daily peak needs: the highest production of a solar
panel (both in terms of useful heat and electricity) corresponds to the hours in which solar
radiation is stronger, usually at midday. On the other hand, the needs for a residential building
not always occur when most of the solar energy is available. More in detail, two main daily peaks

in the average hourly electricity consumption for residential buildings can be identified as shown
in Figure 2. 11 (41)
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Figure 2. 11: Hourly electrical demand during weekend, weekdays, seasons and years (41)

The peaks tend to vary in terms of intensity and according to the different seasons, but they
usually occur early in the morning (around 8 a.m.) and in the evening (at about 7 p.m.). This
conclusion has been drawn in different countries (e.g., Australia — (41), Denmark — (42) Iran
— (43), Italy — (44) and USA — (45) and it is associated to the periods in which people is more
likely to be at home, independently from the day or the season.

The DHW consumption trend (Figure 2. 12) follows the same peaks as for the electrical need
(Figure 2. 11) and it is quite uniform over different geographical areas (European Nordic
Countries — (46), USA — (47), Canada — (48), Croatia — (49), Brazil — (50), showing the
maximum need in the hours when usually inhabitants are likely to use DHW.
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Figure 2. 12: hourly normalized hot water demand in a day for Italy (51)
Both peaks cannot be granted by direct usage of PV/PVT/thermal solar panels since the solar
radiation available in those hours of the day is expected to be either low or absent. As a
consequence, the systems based on solar panels need an additional element to provide thermal
inertia. Solar thermal panels have always been coupled to storages since their very first
applications (usually by means of water tanks) while photovoltaic systems need batteries to
allow the energy storage and its usage later. Figure 2. 13 shows one of the former examples
where the solar thermal panels were already connected to a thermal energy storage to gather
the useful heat from the sun and exploit it when needed. Indeed, an intermittent (renewable)

source needs to be coupled to an energy conversion system which can store the free available
energy for a later use.
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Figure 2. 13: solar house built by MIT, in 1939, (52)
This topic leads to the issue of self-consumption: the efficiency of a solar field directly depends
on the amount of produced energy (either useful heat or electricity or both) that can be
immediately used. Whenever a too relevant time shift occurs, the system requires energy storages
negatively affecting the global efficiency, especially when PV/PVT panels are adopted. In fact,
while thermal storages can even be effective over seasons for year-round heating, the current
technology for batteries cannot reach such a wide time range. The national grid could replace
batteries providing the inertia itself. Actually, this solution was tried up to 2019 by means of net
metering and feed in tariff strategies, where people was allowed to exchange electricity with the
national grid “compensating” the withdrawals with the electricity produced by the PV/PVT plant
(53), (54). However, this possibility was fast abandoned due to the sudden and often
unpredictable unbalance of the network between loads and withdrawals. Up to now the tax
incentives in Italy (55), (56) provide an economic relief only for the initial installation cost. No
refund is granted for the energy overproduction which is not self-consumed and it is immitted in
the national grid. In other words, the current legislative framework aims to build almost stand-
alone installations, maximising the onsite self-consumption.

The lower the panel temperature, the higher the efficiencies: besides of the useful effect
(electricity or thermal energy), the working temperature of the panel has to be as low as possible
to reduce losses and increase the efficiencies.

Figure 2. 14 shows the efficiency for unglazed and flat-plate thermal collectors depending on the
difference in temperature between the collector fluid and the environment air.

Flat-plate collectors experience an improvement of at most 20% when the working temperature
of the collector fluid is lower than the one of the surrounding air (negative part of the horizontal
axis). On the other hand, the unglazed panels can even double the heat gain when working within
a temperature range lower than the one of the ambient air.

The difference between the two technologies is associated to the level of insulation within the
panels: the unglazed collectors usually present a very poor insulation, so the contribution of hotter
ambient air can even become dominant with respect to the solar radiation. As the solar panels
increase their temperature, the heat gain dramatically drops; only 20 K higher than the one of the
ambient air leads to a negligible heat gain.

On the other hand, flat-plate collectors show a higher level of insulation and therefore the
contribution of the heat exchange between ambient air and the panel becomes less relevant as the
graph in the figure above tends to be more horizontal varying the difference in temperature
between collector fluid and ambient air.
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Figure 2. 14: solar thermal panels efficiency against the difference in temperature between the collector
fluid and the ambient air temperature (16)

Unluckily, the working temperature of the fluid represents a design data, depending on the set point
temperature that the plant is required to grant. For instance, solar thermal panels directly used to
produce domestic hot water will always require a temperature of at least 50-60 °C causing the panels
work at low efficiencies. On the contrary, a solar thermal panel interfaced with the evaporator of a
heat pump would work at a lower range of temperatures, even reaching working temperatures below
the one of the ambient air. Namely, the same panel can have far different efficiencies according to
how it is employed and their operating range could be extended in case of optimal configurations
(e.g., combination of solar collectors with a heat pump).

The dependence on the working temperature can be identified also in the case of PV solar panels, as
shown in Figure 2. 15.

Basing on the power law, the electrical power provided by a solar panel is expressed as a product
between the current (I) and the voltage (V), (Eq. 2. 7) and the cell can have a reduction of up to 30%
of the provided power if its operating temperature increases of 60 K, if working at high voltages.

P=1V Eq.2.7

Within this context, the PVT panels represent an interesting combination of thermal and photovoltaic
panels. In principle, their thermal performance is expected to be lower than a standard thermal
collector since the same amount of irradiation is partially converted also in electricity. In addition,
the integration of thermal and photovoltaic panels requires compromises to fit the PV module with
the thermal panel within one element. On the other side, the thermal side of the panel grants a low
operating temperature which allows the PV cell to work at optimal temperatures with an increase in
the efficiency.
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Figure 2. 15: output peak current intensity (I) against the peak voltage (V) of the PV module with different
operating temperatures (57)

Eqg. 2. 8 resumes the heat balance for a collector as schematized in Figure 2. 16:

anin
Acoll

= éIgain = Qrqa T C.Iamb,lat + Gsens + 4k + Grain Eq 2.8
Where

drqa 1S the exchange due to solar radiation, both short and long-wave length referred to the unit area

Gamb,iar ANd G sens represent the sensible and latent convective heat exchange with ambient air
respectively

q,. accounts for conduction. It is usually expected on the back of the panel
Grain 1S @ssociated to the exchange with the rain
4 gain 1S the useful effect obtained from the panel

In conclusion, one or more of these terms could be associated to both sides of the panel and they are
all considered positive if incoming.
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Figure 2. 16: energy balance for a PVT panel (16). The heat flows are expressed by means of capital g since
they are not referred to the panel area
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Eq. 2. 8 can be associated to Eq. 2. 9 which correlates the usable heat gain and the produced electric
power to the internal energy exchange by means of the effective thermal capacitance of the collector.

. . aTcoll
Quse = Qgain — Peypy — P Ceff Eg. 2.9

With
P, py electric power
0T coll

ot
capacitance and the time derivative of the average collector temperature.

cers internal energy exchange expressed as the product between the collector effective thermal

2.3 The solar assisted heat pumps

Basing on the advantages and limits of the heat pumps and solar panels illustrated in the previous
paragraphs, their coupling represents an interesting compromise leading to benefits for both the main
subsystems:

- Solar panel: the lower operating temperature allows a relevant benefit in the panel efficiency.
Moreover, the panel still provides a relevant contribution even in days with low solar radiation
since the low working temperature allows to take heat from the ambient air as well. In addition,
in some plant configurations, the panel can also bypass the heat pump when the working
temperature is near the required set point with an added energy saving.

- Heat pump: the solar panel represents a more stable source with which the evaporator can
exchange heat with a relevant increase in the COP. Such configuration even extends the HP
operating range to ambient air temperatures at which a normal air-to-air heat pump would either
block or reach a very low COP. In case the solar panels were hybrid, part or most of electricity
consumed by the heat pump would be covered without any withdrawal from the national grid,
with a further improvement of the COP. Indeed, the coefficient of performance of a mechanically
driven heat pump defined by Eq. 2. 2 is the ratio of the useful effect (heat output) to the work
input to the compressor. This formulation does not account for the efficiency of usage or the
method by which this work is produced. When comparing heat pump systems driven by different
energy sources, the use of the Primary Energy Ratio (PER, Eq. 2. 10) (58) can be more
appropriate:

PER = Useful delivered heat/ primary energy input Eg. 2. 10
The PER coefficient can be then related to the COP by means of Eq. 2. 11
PER =nCOP Eq.2.11

Where 1 is the efficiency with which the primary energy input is converted into work up to the shaft
of the compressor. Assuming an electrically driven compressor with the electricity generated from a
coal burning power plant, the efficiency may even reach values of 0.25. On the other hand, if the
energy were entirely produced by a PV/PVT solar panel, the value would reach a theoretical limit of
1.00. Always on a theoretical side, the SAHP allows the elimination, or better a relevant reduction,
of the primary fossil energy consumption, by replacing it with renewable energies.

Considering that the total self-consumption is not feasible nowadays the real value for n could reach
up to 0.5-0.75 also depending on the characteristics of the energy storage (batteries) and on the
distribution of time of the thermal needs (e.g., SH or DHW), since a little withdrawal from the grid
is always present.
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However, energy systems tend to be judged on their potential money savings rather than their
potential energy savings and therefore the PER index should always be associated to its price. From
this point of view, as the cost for the input energy PER increases, the economics of SAHPs will
become more favourable, especially if the components of such systems are mass produced with lower
initial installation costs. In conclusion, the number of operating hours per year plays a central role in
the analysis as well since the more a facility is used, the shorter is the payback period.

Focusing back on the main topic, there are multiple configurations for solar assisted heat pumps,
basing, for example, on the system function (i.e., SH, DHW, space cooling) and concept (the way
different subsystems interact inside the plant) or heat and collector characteristics. In these terms, a
single parameter such as the Seasonal COP or SCOP could be hardly comparable among different
plants, due to location, sizing of the elements, application, refrigerant adopted and to the aspects
illustrated above.

The present section is also meant to illustrate a common graphic approach to frame all the possible
SAHPs to allow a comparison among the different solutions. The method (16), (59), is based on the
energy flow charts which are commonly used in building energy engineering and it can be better
understood focusing on Figure 2. 17. It tries to collect and resume the main descriptive criteria
differently adopted by Authors: useful energy delivered, low temperature sources interfaced with the
HP, quantity and function of energy storages and different interactions (14), (15), (59), (60). This
plant depiction allows a common approach to classify especially from a qualitative perspective all the
different plant configurations, before enquiring in detail the technical performance information.
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Figure 2. 17: example of the graphic method for SAHP categorization (16)

32



The plant lies in the centre of the graph while SAHP systems can be divided in most of cases into
four key components: collector, heat pump, backup heater and storages (usually one on every side of
the HP). The following colour code can be adopted:
- Objects code:
o Dblue: energy storing elements, for instance DHW tanks or batteries
o orange: energy transforming components, for instance solar panels or heat pumps
o green: energy sources (e.g., solar, geothermal, air but waste heat as well, if present)
o red: useful energy —i.e., DHW, SH or cooling
o dark grey: energy carrier of the system
- Background code:
o grey: region for boundary conditions
o white: area for the plant scheme.
- Line code: they grant the representation of energy flows among the different components and
boundaries according to the medium which carries energy. Most of times, such graphical
representation tends to depict energy flows in up-down and left-to-right direction.

Focusing on the different SAHPs assets, three main configurations are available which can be then

combined to reach more efficient, yet complicated, plants:

- Serial asset: the low temperature elements (e.g., solar panels, geothermal boreholes) exclusively
represent a source to which the heat pump is interfaced. No direct connection between the low
temperature sources and the useful energy production (e.g., DHW or SH) is present. In this
configuration, the collector working temperature may be lower than the one of the ambient air,
in order to gain heat by means of both solar radiation and ambient air, with almost negligible
thermal losses.

- Parallel asset: the low temperature sources can either work coupled to the HP or for direct
production of useful energy independently from the HP, according to internal efficiency criteria
(Figure 2. 18). In this asset the working temperature of the collector is expected to be higher than
in the case of serial asset, affecting the panel efficiency as well (Figure 2. 14).
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Figure 2. 18: plant of a parallel asset SAHP layout and its graphical representation (16)

- Regenerative asset: a low temperature, secondary source can be used to warm or heat again the
primary source of the heat pump, as it can occur for solar thermal panels coupled to a geothermal
heat pump (Figure 2. 19). This last arrangement can be seen as either a composition of sources in
series or as a serial asset heat pump where the ground is used as highly inertial heat storage (61).
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Very often the plants are designed by means of different combinations of these arrangements, since
the serial asset allows only one operating mode, while every configuration can add a further degree
of freedom to the plant, to reach always the best possible performance according to the boundary
conditions.
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Figure 2. 19: plant of a regenerative/parallel/series asset solar assisted/geothermal HP layout and its
graphical representation (16)
In addition to the assets above, the heat pump can either expand directly or indirectly.

The direct expansion SAHP (Figure 2. 20) is the simplest configuration where the collector work as
the evaporator of the HP as well. The panel is cooled down directly by the refrigerating fluid flowing
inside which in turn evaporates. The exploitation of the phase change mechanism allows a very good
stability of the collector working temperature while on the other hand freezing inside the collector
might occur. In addition, as the collector size increases such configuration becomes less effective
since the pressure drops inside the evaporator become more relevant and the distribution of the
refrigerant inside the panels might no longer be uniform. Various studies are available in literature
with theoretical/practical simulations leading to a COP between 4 and 6 (62), (63), (64), (65).
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Figure 2. 20: Schematic representation of a direct expansion SAHP.

On the contrary, the indirect expansion SAHP (Figure 2. 21) has a more complex scheme with respect
to the direct expansion one since in the basic configuration, an exchanger divides the heat pump
circuit (with refrigerant flow inside) to the collector circuit (where a working fluid such as water is
used). The exchanger works as the evaporator, benefitting from the thermal contribution of the
collectors. Moreover, the hydraulic decoupling between the heat pump and the solar field allows more
stability even with the increasing size of the collectors. On the other hand, the presence of more
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components within the plant lead to lower efficiencies, making the use of indirect SAHPs advisable
only in presence of middle/big solar fields. Concerning the COP, the experimental studies and the
prototypes lead to COP between the range of 2.5-4. (66) (67), (68), (69).
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Figure 2. 21: Schematic representation of an indirect expansion SAHP.

More in general, the collectors can be interfaced both with the cold and the hot side of a heat pump.
In the former case, the temperature of the cold source is increased with a consequent improvement of
the HP COP. On the contrary, in the latter the panels can integrate or replace the heat provided by the
HP. Clearly, if the HP is either absent or off, the solar irradiance is lost in case the collector
temperature was lower than the required set point temperature to supply the energy needs of the
facility (e.g., SH/DHW). In principle, the adoption of a higher COP and panel efficiency does not
necessarily lead to better performances of the SAHPs. Haller, Frank et Al. (70), (71) formulated a
theoretical principle to establish whether parallel or serial asset is most effective, according to the
collector yield and the HP COP (Eq. 2. 12):

ACOPHP ) ATICOll > 1 Eq 2.12
(COPHP,par - 1) Ncolt,par

Where

COPHp par is the COP associated to a HP working in parallel asset with another source, ambient air
for instance

ACOPwp is variation in COP using the solar source either in serial or parallel asset, ACOPHp =
COPHP,ser = COPHP,par

Neoll,par 1S the collector yield in case the panels were used in parallel asset

Ancon represents the difference between the panel efficiencies in serial and parallel assets,
Aﬂcoll = Mcoll,ser = Ncoll, par

Clearly, a difference in the efficiencies of the solar panels shall be expected since the working
temperatures in the two configurations can be far different one from the other.

Eq. 2. 12 can be better understood by means of Figure 2. 22
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Figure 2. 22: preliminary steady state analysis about the serial/parallel asset convenience, based on the
increase in the COP of the chosen HP and the collector yield in parallel/serial configuration (70)

Each line plotted in Figure 2. 22 is associated with a double source heat pump with an initial COP of
1.5, 2.5, 3.5 or 4.5. Each curve plotted splits the graph into two regions: the one over the line (upper
right) where the panels should be put in serial asset and the one below where a parallel configuration
is preferable. It can be easily noticed that the lower the initial COP in parallel asset, the largest the
area where the serial asset should be preferred and vice versa. In addition, the parallel asset is mainly
associated to configuration where small increases in the COP of the HP and/or in the collector
efficiency are present. The steep increase of only one of the axes (either panel efficiency or heat pump
CORP) still leads to the parallel asset as the most likely preferable configuration.

For instance, the arrows in Figure 2. 22 show that a HP with an initial COPwp par Of 2.5 can benefit
from serial asset only if at the same time the COP would increase of at least 1 and the ratio

nA"L”WOUId be higher or equal to 150%. This would mean that the collector yield in parallel would
collpar

be about 40% or lower than in the case of serial asset as shown by the passages in Eq. 2. 13.

Acolr _ Ncollser"Mcollpar __ Ncollser _ 1=15«< Eq 2.13
Ncoll,par Ncoll,par Ncoll,par

- Ncoll,par — 1 — 04
Ncoll,ser 1.5
In conclusion, it is important to remember that such results derive from a theoretical formulation

which neglects the transient terms taking part to the energy balances (i.e., thermal capacities of
storages) and therefore the limits above have to be considered accounting for a degree of uncertainty,
given that the results still provide a preliminary, reliable piece of information about the most
performant configuration for the SAHP.

As a consequence of Eq. 2. 13, the serial/parallel assets cannot be switched freely, but according to
the ambient boundary conditions (mainly temperature and radiation), not to negatively affect the
global performance of the SAHP. Therefore, under the assumptions of steady state regime, the
collector yield has to be properly chosen according to the most likely working condition expected.
Indeed, an eventual switch to the other configuration could not lead to the same benefits, due to the
likely reduction of the efficiency shown in Eq. 2. 13. For instance, the serial asset shall be more
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advisable in contexts where low and brief solar radiation is available, since the parallel working is
less likely to occur.

The current studies (6), (70), (72), (73), (74), have widely highlighted the presence of a limit value
for irradiance to establish whether parallel (larger values) or serial (smaller value) assets result more
efficient. Such limit is a function of the efficiency curves of the elements composing the SAHP,
mainly panels and heat pumps, and the required set point temperature, as formulated in some criteria
for the switch between the two configurations (75).

2.4 The solar assisted heat pumps — state of the art and current limits

The previous chapters showed a lack in the diffusion of the solar assisted heat pumps both at small
and at large scales. In this section a brief focus on the main limits and open challenges of this
technology is proposed.

2.4.1 Coupling of solar panels and heat pumps

- _Issue: considering a SAHP, the type and size of each component has to be properly designed to
grant the achievement of high efficiencies. Indeed, if the HP stayed operative for long periods
within a typical day with large electrical consumptions there would be a lack of energy efficiency
with a relevant carbon footprint as well (76). In addition, the coupling of panels to the HP should
account for the variability of solar radiation over the day, with respect to the periods in which the
HP is operative.

- Possible solutions: the control strategy plays a fundamental role to grant plant efficiency
especially when considering SAHPs. The enhancement of the SAHP has been studied by means
of different strategies: correct sizing of the panels, the HP evaporator and more in general of the
volumes inside the plant (77), (78), (79), (80), cascade heat pumps to grant high temperature set
points, adoption of control strategies to manage the components of the HP (e.g., compressor and
expansion valve) (81), (64), (82)and adoption of dual or multi source SAHPs (83), (84). In
addition, phase change materials could provide more stability to the solar panels, with benefits
also on the risk of frosting or stagnation, extending their operability period, decreasing at the
same time the working period of the HP (85), (86), (87), (88).

2.4.2 Low ambient temperature

- _Issue: in case of cold locations with low ambient temperature, the evaporator works at lower
temperatures as well with respect to milder climates. This leads to a decrease in the performances
coupled to a great number of functional problems, such as reduced volumetric efficiency,
elevated compressor discharge temperature, reduction in the refrigerant flowrate in the HP circuit
and higher compression ratio (89), (90), (91). The panels have a global worse performance due
to the higher thermal losses determined by the larger difference in temperature between the panels
and ambient air. In addition, many SAHP pilot plants were formerly realized using low efficiency
panels, such as the unglazed flat collectors. Indeed, the lower operating temperature of a solar
panel coupled to a HP would result in lower thermal losses independently from the level of
insulation, since the temperature difference between panels and ambient air is very small.
Therefore, the adoption of low efficiency panels would cut the initial costs for the plant,
providing it with more simple and solid panels without any appreciable variation in the

37



efficiency, given that the climate of the location is not too harsh. Anyhow, in case of low ambient
temperature, the eventual adoption of unglazed panels or similar ones would additionally worsen
their performance, even with the risk of frosting.

On the HP side, the risk of frosting of the evaporator might occur as well with the reduction of
its COP, since usually heat pumps use an electrical booster to de-frost their evaporator with a
dramatic loss in its efficiency (about 40% - (92)). Moreover, the frosting of the panels might lead
to blocks of the HP and damage the panels themselves, creating a great discomfort for the users
and additional maintenance costs.

Possible solutions: many solutions are under study, mainly focused on the HP, paying less
attention to the panels. For instance, multi-stage or hybrid compressions within the HP cycle,
cascade, trans critical cycles, auxiliary boilers, CO> cycles are analysed (93), (94), (95), (96),
(97), (98), (99), (100). In addition, the compressor represents a common element to many causes
of the COP reduction. Therefore, variable speed compressors were studied as well, showing how
the replacement of a constant speed compressor improves the HP performance at low evaporator
temperatures, but with a higher initial cost, negatively affecting the cost-effectiveness of the
improvement.

2.4.3 Lack of models for design, management and optimization of SAHPs

Issue: the simulation of the processes occurring inside and the interaction among each
component of the SAHP lies in the core of design, performance prediction and optimization
strategies (101), (102). Two approaches can be identified.

The former is concerned with each component and it is meant to correctly size each element and
define its geometry. The aim is to understand the heat transfer mechanisms occurring within by
means of CFD numerical codes (103). Such models couldn’t allow the numerical representation
of a SAHP as a whole due to its complexity and to the computational power required to run such
an articulate model.

The latter accounts for the interaction of the different components inside the system. In this less
detailed approach, each component can be conceived as a “black box” where results are obtained
from initial information using numerical models and different formulations. No attention is paid
to the real phenomena occurring inside the components, since the goal of the modelling is the
global working of the system, losing the specific insights on the single elements. Within this
context, numerical codes such as TRNSYS are used thanks to their reasonable accuracy derived
from the simulation under transient regime (104).

Possible solutions: the two approaches are dichotomous and a numerical model approaching both
sides is not available yet. In addition, the numerical model should be coupled to the SAHP plant
during all its useful life, always updated with the parameters measured from the real plant, to
provide a tool to identify the optimal set point values and working configurations according to
the different boundary conditions and end users’ needs.

2.4.4 Mismatch between heat requirement and heat supply

Issue: as illustrated in the previous sections, the SAHPs can reach high efficiencies when the
solar radiation is available and therefore the HP can work with higher temperatures at the
evaporator. Actually, the demand tends to be more elevated during periods of the day in which
solar radiation is not available or it is negligible Figure 2. 12). Therefore, a SAHP coupled to no
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boilers would be expected to work in periods with low efficiencies with the risk of frosting at the
evaporator. Such mismatch becomes even more emphasized during summer where the solar
radiation reaches its peaks and it is very likely to be almost all unexploited (105), (106).
Possible solutions: the main issue of mismatch can be overcome introducing inertial elements
whose characteristics depend on the size of the time shift. For instance, the coupling of
geothermal sources is a widely adopted solution to improve the inertia of the plant on a seasonal
basis (107), (108). Another strategy is concerned with seasonal heat storages (e.g., the aquifer
thermal energy storage (ATES), the borehole thermal energy storage (BTES), the tank thermal
energy storage (TTES) and the pit thermal energy storage (PTES), (109), while the daily shift
can be easily coped with by means of properly sized water storages. Clearly, the seasonal storages
require a relatively high initial cost and, therefore, the best fitting solution has to be chosen basing
both on the technological and economic sides with reference to the specific plant.

2.4.5 Low level of end users’ acceptance of SAHPs

Issue: as better described in the following chapter about the SAHP pilot plant, each project has
minimum standards and quality levels to be reached during all its useful life. Furthermore, a
project has to satisfy the expectations of different groups, such as developers, financers,
customers and users. Their sentiments are subjective and they can be in contrast one with the
other as well (110). Moreover, the prediction of whether a project (e.g., technology, plant) will
become successful or not is a very tough task, besides of its theoretical expectations, since it
depends on the level of adoption and acceptance. The term acceptance covers many issues,
starting from the economical cost-effectiveness up to efficiency and the user-friendly interface
to ease its use (111), (112), (113), (114).

For instance, the innovative technologies such as SAHPs are often uneconomic and require either
a skilled technical maintenance staff or an advanced self-control system and this leads to a general
state of hesitation for investments in this field. Indeed, a project does not have to be only efficient
to be successful, but it has to meet the investors’ expectations. Recent statistics show for example
how in Italy about one third of projects is globally rated as unsatisfactory or inadequate and they
tend to be abandoned after their realisation (115).

Possible solutions: the correct and exhaustive evaluation of acceptance has to become part of
both plant design and plant management since it might cause a facility to be either successful or
not. Up to now, the traditional heating plants (e.g., gas burners) haven’t emphasised this need,
due to their simplicity and their working with simple regulation (e.g., on/off) under almost steady
regime. However, the relevance of acceptance is expected to grow as complex technologies and
plants (e.g., the SAHP-PVT) take place on the market. No unique or common approach have
been presented or widely adopted, so far. A numerical approach to connect quantitative values to
qualitative feelings is lacking since most of studies are carried out by means of enquiries. This
approach often neglects that the answers collected might not really and fully represent people’s
opinion. Moreover, the temporal validity range of these surveys is often limited or not
appropriately considered. A numerical approach to estimate acceptance basing on quantitative,
measurable values (e.g., flow rates, working hours of the different components, temperatures) is
under study (116). This method requires a Data Acquisition System (DAS), to collect almost real
time the measurement of the different key parameters of the plant.
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2.

4.6 Coupling of SAHP with existing heating systems

Issue: from the point of view of energy efficiency, a SAHP becomes effective when operative at
the optimal working temperatures. Usually one of the most effective coupling is represented by
SAHP and convector heaters or radiant floor systems, which require an inlet temperature between
about 30-45 °C (117), (118), (119). The same problem happens when DHW applications are
considered. Such emission systems are usually easy to install in new or totally refurbished
buildings where a proper design has taken place. On the other hand, in existing or inhabited
buildings such interventions could not be achievable. Indeed, the standard heating system for
Italian buildings is represented by a gas burner coupled to high temperature radiators (about 70-
80 °C), with not-insulated distribution pipes. While the change of the generator could take place,
the insulation of the pipes and the change of the emission system would lead to the following
Issues:
o the building should not be inhabited
o the cost could experience a relevant rise, since the intervention might affect decorations
and finishes
o the new distribution line might interfere with private/common parts of the building with
consequent economic and legal problems
o the intervention may not be allowed due to the constraints to which the building might be
subject. The Italian National Institute of Statistics (ISTAT) estimates that over half of the
Italian territory is subjected to constraints (e.g., architectural or landscape) (120), (121).
In addition, the percentage of new buildings or important refurbishments in Italy dramatically
fell during the past decades (Figure 2. 23), therefore the most likely case for SAHP application is
concerned with the refurbishment of existing heating plants.

o
» & F
S S S

35.000.000
30.000.000

25.000.000

20.000.000

15.000.000

10.000.000 Surface of new non-residential buildings [m2]  9.108.965
5-000.000 Surface of new residential buildings [m2]  4.301.256

Figure 2. 23: trend over the past two decades of the new surfaces built for both residential (red) and non-
residential (green) applications (122)
Possible solutions: the issue can be coped with by means of two different strategies, depending
on the specific case study:
o adoption of compatible emission systems whenever possible — especially in new buildings
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o Iinstallation of backup gas burners, to provide or integrate the need when the SAHP itself
cannot grant it. The existing plants are likely to fall in this case, since the gas burner might
be re-used for this function. This solution either preserves or introduces fossil fuel-based
technologies which are expected to work seldom, only with very harsh climate or in
presence of high needed power (e.g., during the start-up of the heating system). As better
outlined later, the presence of a backup-system improves two critical aspects as well:

i) the SAHP work almost under transient conditions since they depend on highly
variable parameters such as air temperature or solar radiation. The correct
working of the system requires a proper monitoring and management system with
a continuous control on the system parameters to grant always plant efficiency
and avoid its blocks.

i) people tend to show a low level of interest in new technologies, feeling confident
with the oldest ones. Indeed, many users still prefer a less efficient gas burner
instead of a heat pump. Therefore, the adoption of a “hybrid” system plays a
central role also in the market, making the technology more attractive to the
customers thanks to the presence of a burner which make the heating system look
more “reliable” than a completely innovative one. Such issue, known with the
name of acceptance will be recalled in the next chapter concerned with the specific
case study of the SAHP with hybrid panels at Palacus.

o Some producers are testing heat pumps with higher working temperature, to grant a higher
compatibility with the existing emission systems. This solution has a great potential, but
each specific model needs to be properly enquired to assess its working and the absence
of other negative aspects (e.g., toxic/flammable refrigerant fluid).

2.4.7 SAHP - scale effect?

Issue: as previously described, the SAHP is a very promising technology with very high
theoretical COP and very encouraging results from the experimental facilities. Table 2. 1 resumes
the main experimental studies carried out in the past fifteen years with some additional
information. Anyway, the biggest heat pump has a peak thermal power of about 16 kW while
the solar fields, when the information is available, reach an extension of 22 m2. These limits can
be considered suitable for direct expansion SAHPs since the increase in size would lead to
operational problems (e.qg., refrigerant distribution, temperature uniformity over the panels). On
the other hand, the indirect SAHP should allow the overcome of the problem, but no extensive
testing of big size SAHP is available. The enquiry on larger and more complex systems should
be carried out on a sufficient number of test facilities, to assess the eventual occurrence of “scale
effects” mainly concerned with operational problems linked to the increased size of the plant.
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Authors Year Size Direct/ COP Ref
Indirect expansion | (average)
Kuang et al 2006 | 10 m?solar field, HP Direct 3.0 (123)
size 6 KWt
Bridgeman etal | 2008 HP size 5.5 kWt Indirect 2.9 (68)
Nuntaphan etal | 2009 4 m? solar field, HP Indirect 3.8 (124)
size about 4 kWt
Bakirci et al 2011 20 m? solar field, Indirect 3.6 (69)
HP size about
5.4 kWt
Rodriguez etal | 2012 5.6 m? solar field, Direct 2.3 (125)
HP size about
2.5 KW+t
Wang et al 2015 HP size 3.0 kWt Indirect 2.3 (84)
Zhou et al 2016 22 m? solar field, Direct 45 (126)
HP size about 16 KW+
Qu et al 2016 8 m? solar field, Direct 3.8 (127)
HP size about
5.4 KWt
Xu et al 2018 HP size about Indirect 3.0 (128)
3.5 kWt
Besagni et al 2019 8 m? solar field, Direct 3.1 (129)
HP size about
6.8 KWt
Long et al 2019 HP size about Indirect 4.2 (130)
4.3 kW
Wang et al 2022 | HP size about 11 kWt Indirect 2.5 (131)
Leonforte etal | 2022 18 m? solar field, Direct 2.9 (132)
HP size about
11.5 kWt

Table 2. 1: main experimental studies on SAHP, with HP sizes, average COP and references

- Possible solutions: besides of the issue about the higher initial cost, the experience carried out
on the case study presented in the following chapter shows that a relevant increase in the plant
size may lead to operational problems. Indeed, the larger solar field and heat pump come with
more sophisticated and complex subsystems, united with more possible working conditions. In
addition, the SAHP technology works most of time under transient conditions and therefore the
optimal set point of the working parameters is expected to change according to the external
climate. In fact, an almost real time monitoring and regulation is made necessary both to avoid
the block of the facility and to grant the optimal working condition and set point parameters. This
aspect cannot be performed by means of manual control for two reasons:

O the transient regime could require actions on the plant even more times in a day

O the number of variables and control points to manage become too many to be manually
controlled. In addition, a post-processing of the parameters could be required to establish
the best working condition to enable making human control impossible.
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3. The solar assisted heat pump with hybrid panels pilot plant at the Palacus

sport palace - Genoa

This section provides an overview on the case study analyzed in the present work. The sport palace
“Carmine Romanzi”, with multiple activities and relevant consumption profiles in terms of SH and
DHW needs, is coupled to a solar assisted heat pump with hybrid panels (SAHP-PVT). The
application of an experimental facility to a real structure with real needs represents an almost unique
case, constituting the missing link between a pilot plant with laboratory simulated needs and
commercial, mass-produced systems applied to real buildings. In addition, the plant is equipped with
a data monitoring and control system (DAS) which allows an almost real time acquisition of values
(e.g., temperature, solar radiation) associated to the different working conditions of the plant (as better
described below, about 50 measurement points and 15 control points have been installed in the plant).
Firstly, a specific overview on the SAHP-PVT and its components is presented. Then a description
of the sport palace is provided, paying attention to the energetic needs and the consumption profiles
while the last part of this chapter is concerned with the main issues aroused from the plant
management and monitoring.

Brief historical note: Carmine Romanzi, after whom the sport palace is named, was the Rector of the
University of Genoa (1968-84) and a brilliant researcher in the field of microbiology. Moreover, he
was one of the main contributors to the liberation of Genoa in 1945 from the Nazi occupation, thanks
to his active role in the Italian Resistance that led to the unconditional surrender of the General
Meinhold, chief of the occupation German’s army in the region.

3.1 The Solar Assisted Heat Pump with Hybrid panels (PVT) pilot plant: a description
The pilot plant was built in 2012-2013 as an integration of the existing system based on gas burners
(133). The present section analyses the main subsystems of the plant, i.e., generation, storage,
distribution, emission and control, explaining their working and providing the reader with technical
information. Figure 3. 1 focuses over the plant and its main components:

- the sport palace — representing the DHW and SH needs

- the PVT field — producing both hot water and electricity, interfaced with the heat pump

- boiling room — containing the distribution pipes, DHW storages, integration gas burner and the
heat exchanger interfaced with the HP and the solar field.

Before of the detailed description, it must be remarked that each component has not been specifically
built or designed. The SAHP-PVT under study is the result of the assembly of the most suitable
commercial products available on the market. This aspect represents a first interesting challenge,
since the adoption of commercial components instead of laboratory made ones simplifies an eventual
mass production of similar systems. Indeed, the hand-made components may result optimal for a
specific case study, but reveal unsuccessful in similar, yet different applications.
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Figure 3. 1: overview of the pilot plant — focus on the sport palace, the PVT field, the HP and the boiling
room
Figure 3. 2 provides the simplified plant scheme as well, with the identification of the four main
subsystems and all the elements (i.e., generators, storages, control system etc) which will be enquired

in detail in the following paragraphs.
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Figure 3. 2: simplified scheme of the solar assisted heat pump pilot plant
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3.1.1 Generation subsystem
More generators can be identified:

- gas burners: the former of 35 kW is used for DHW during summer (Figure 3. 3 a)) while the latter
(320 kW) is active during the heating season to integrate both DHW and SH needs (Figure 3. 3
b)). Their function has shifted from main generator of the plant to integrative generator based on
non-renewable sources (gas), to grant the possibility of coupling to the existing emission
subsystem (described later). The issue becomes of paramount importance, when revamping
existing heating systems, as outlined in the previous sections.

a) b)

Figure 3. 3: gas burners used to integrate DHW/SH needs in the heating system of the Palacus sport palace.

a) burner for only DHW out of the heating season — 35 kW peak thermal power; b) burner for DHW and SH
during the heating season — 320 kW peak thermal power

- Solar hybrid field: it is composed by 80 polycrystalline hybrid modules covering a gross surface
area of 160 m? (net capturing area of 120 m?). The panels are at a 45 °degree azimuth orientation
towards South/West with a tilt angle of about 6 ° (Figure 3. 4)
: - -
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Figuré 3. 4: Solar fiel, orie

Z st Mg i
ntation from the satellite view (on the left — source Google Maps) and view of
the site (on the right)
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Concerning the shadings, no relevant obstruction is present (Figure 3. 5), making the location
optimal for the solar field. Only the hill (on the left in Figure 3. 5) and the building of the Faculty
of Maths and Physics (on the right in Figure 3. 5) cast a shadow over the field in the first and last
hours of the day respectively.

P 5

Campo calciolCus Genova

b J

DatasSIO-NOAA, U.S. Navy. NGA GEE(SD‘ r
e o NN N

Figure 3. 5: 3D view (source Google Earth) of the field and of the shadings due to the surrounding
hills/buildings

The solar collectors are hybrid, namely they grant the conjoint production of both electricity and
domestic hot water leading to a lower working temperature with higher efficiencies both on the
thermal (Figure 2. 14) and on electric sides (Figure 2. 15).

Figure 3. 6, Figure 3. 7 and Table 3. 1 show the PV and the thermal module below united with the
main technical information.

Tempered glass
Encapsulating film

Solar cells

Encapsulating film

TPT and TPE plate back sheet
Aluminium system H-NRG
Insulating layer (optional)

1| On | n | (| D | =
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Figure 3. 6: panel stratigraphy
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Gross surface [m?] 1.65
Absorbing surface [m?] 1.46
Fluid volume within the panel [l] 0.8
Panel weight without fluid [kg] 34
Peak power [W] 230
MPP (Maximum Power Point) voltage range [V] 30
MPP current [A] 7.67
Open circuit voltage [V] 36.8
Short circuit current [A] 8.34
Panel efficiency [%] 13.9
Power temperature coefficient [%/°C] -0.45
Current temperature coefficient [%/°C] -0.36
Voltage temperature coefficient [%/°C] 0.05
NOCT (Nominal Operating Cell Temperature) [°C] 45
Panel optical performance (o) 0.513
Linear thermal loss coefficient (a1) [W/m? K] 7.68
Quadratic thermal loss coefficient (az) [W/m? K?] | 0.014

Table 3. 1: PVT module technical information

1052

Figure 3. 7: PV and thermal modules of the hybrid panel — extract from the technical specifications

As a consequence, the field is designed to produce under peak conditions 50 kW and of 20 kWE.
The panels are arranged in 20 rows, with 4 modules each, as better outlined in Figure 3. 8 where

the hydraulic connection of two rows is reported.
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Figure 3. 8: hydraulic scheme of the connection between two rows of panels. The same pattern occurs for the
remaining rows

On the PV side, the panels produce DC electricity and a connection with two inverters allow its
transformation in AC (Figure 3. 9). Then the electricity is sent to a bidirectional meter (Figure 3. 10).

Figure 3. 9: one of the two 10 kW inverters installed near the solar field

The solar panels are then hydraulically and electrically connected to the heating plant located at the
Palacus sport palace by means of about 200 m pipes/electric cables (Figure 3. 10).

48



- Bidirectional

= 6’ meter
4

B (1] <@ O
Hydraulic and electric Qw | P—
PVT field connection lines in o

cavity / underground Palacus sport
: palace

Figure 3. 10: hydraulic/electric connection between the solar hybrid field and the heating system

- Heat pump: it is installed near the sport palace and it can reach 48.2 kW with a consumption of
11.91 KWE under peak conditions (model WRL_H 026/161 — Aermec, Figure 3. 1 and Figure 3.
11)

Figure 3. 11: heat pump installed near the Palacus sport palace

The heat pump exchanges on both sides with water, using R410A as refrigerant fluid and
implementing hermetic scroll compressors (model WRL160-H — Aermec). Figure 3. 12 and
Table 3. 2 show the COP depending on the outlet temperature at the evaporator (Touteva) and
at the condenser (Tout,cond). Table 3. 2 also show the working ranges: between -8 °C and 18 °C
on the evaporator side and between 25 °C and 60 °C on the condenser side.
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Figure 3. 12: three-dimensional plot of the COP depending on the outlet temperatures on the evaporator and
condenser sides.

Tout,cond
cop 25 30 35 40 45 50 55 60
-8 4.46 4.26 3.9 341 2.82 - - -
-6 4.74 4.49 4.1 3.6 3.01 2.37 - -
-4 5.03 4.72 4.30 3.78 3.19 2.55 - -
-3 5.18 4.84 4.49 3.87 3.28 2.64 - -
-2 5.33 4.97 4.50 3.96 3.36 2.73 2.39 -
0 5.64 5.21 4.71 4.14 3.54 291 2.28 -
2 5.97 5.47 4.92 4.32 3.71 3.08 2.46 -
4 6.31 5.73 5.13 451 3.88 3.25 2.63 2.04
Touteva 5 6.48 5.87 5.24 4.60 3.96 3.33 2.72 2.13
6 6.66 6.01 5.35 4.69 4.04 3.41 2.80 2.22
7 6.84 6.15 5.46 4.79 4.13 3.49 2.89 2.31
8 7.03 6.30 5.58 4.88 4.21 3.58 2.97 2.40
10 - 6.60 5.82 5.08 4.39 3.74 3.14 2.57
12 - 6.91 6.06 5.28 4.56 3.90 3.30 2.74
14 - 7.23 6.32 5.49 4.74 4.07 3.46 2.91
16 - - 6.58 5.70 4.92 4.23 3.62 3.08
18 - - - 5.92 5.10 4.40 3.78 3.24

Table 3. 2: COP according to the outlet condenser and evaporator temperatures [°C]

Interaction among the different heat generators

The aforementioned generators interact one with the other to always grant the best possible efficiency,
also depending both on the boundary/environmental conditions and the end-users’ demand. In
particular, the solar field is hydraulically connected with the heat pump on the evaporator side by
means of a 500 | storage tank (Figure 3. 13 and Figure 3. 21). The same storage is present also on the
condenser side for multiple purposes, such as stable heat transfer rate and temperature regulation.

50



Figure 3. 13: water storage tanks on the cold (on the left) and hot side (on the right) of the heat pump

Pumps P2 and P3 grant the circulation of water within the storages working at constant water flow
rate (Figure 3. 14 and Figure 3. 21). Both pumps are twin, with alternating operativity periods, to
prevent the block of the circuit in case of sudden arrest or rupture of one of the two.
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Figure 3. 14: view and performance curve of a single reference pump present in the plant. The model is the
same adopted for P2, P3, P4 and P5 recalled in the text

The interface with the HP evaporator decreases the panel working temperature (e.g., 18-20 °C against
40-50 °C in case of DHW applications) and therefore even the contribution from the surrounding air
becomes relevant, especially at mild Italian locations. The solar source increases its stability, thanks
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to the smaller required set point value and the lower sensitivity of the panels to the solar radiation.
The operativity time range of the panels extends even to the days when the contributions from the
Sun are negligible.

The use of solar panels at a temperature close to the environmental one allows the adoption of poorly
insulated panels/connection pipes since the difference in temperature between the fluid inside the
pipes and ambient air is almost comparable. In fact, a very small heat flow is appreciated
independently from the thermal resistance of either pipes or panels. This means that milder location
will result more suitable to SAHP technology even in absence of insulation, while colder places will
be likely to require a higher level of insulation.

In addition, the low working temperature carries two benefits:

- on the panel side, a relevant increase in both thermal and photovoltaic efficiencies

- on the heat pump side, the working temperatures at the evaporator are high enough to increase
the COP of the HP, due to the lower work at the compressor thanks to the reduction of the jump
in pressure required by the cycle between the evaporation and condensation points.

The gas burners are switched on, only when the SAHP cannot grant the needs itself (e.g., SH and
DHW). The SAHP is designed to work either on DHW or SH by means of two heat exchangers.
Valve V5 and pump P4 (Figure 3. 15 b for plant scheme and Figure 3. 14 for pump technical
information) allow the flow circulation and the switch between the two exchangers.

On the SH side, the existing air heaters in the sports hall and the radiators inside the lockers require
a high set point temperature (60-70 °C) while the radiators work at about 50-60 °C. As far as radiators
are concerned, the compatibility with the existing, high temperature heating system can be easily
granted providing an additional heating of the water using the burners. The contribution is expected
to be low, especially when high power is required (e.g., early in the morning when the facility has
cooled down during night) while during the day, the HP is expected to be able to almost keep the set
point temperature inside the sport palace. Concerning the air heaters, the higher working temperature
hardly fits the working range of the HP, as better outlined in section “3.1.3 Distribution and emission
subsystem”.

In conclusion, the coupling between HP and solar panels leads to other two improvements:

- the water heated within the panels can bypass the HP and it can be directly sent to the users
when a limit temperature is overpassed (dotted red and blue lines in Figure 3. 15 b). This is
more likely to occur in summer when the high temperatures and the strong solar radiation can
heat the water far above the limit of 45 °C that enables the bypass. This configuration allows
the plant to operate under different working conditions, it avoids the block of the HP due to
the excessively high temperature of water inside the evaporator circuit and it exploits better
the solar energy collected by the panels which would be wasted otherwise. Indeed, the HP
requires on the evaporator side temperatures up to 20-25 °C. Higher values would lead to a
block of the HP due to an excessively high pressure at the compressor, not compatible with
the construction features of the installed HP. So, the working range between 25 °C and 45 °C
would result critical since the water is too hot to be sent to the evaporator but it is too cold to
activate the bypass. As a consequence, a mixing valve (Figure 3. 15 b) has been recently
installed to grant the temperature at the maximum value of 25 °C. Independently from the
working condition (i.e., in serial with the HP or with the bypass active), the twin pumps P1
(Figure 3. 15 and Figure 3. 16) grant the water flow within the solar field. Only these pumps
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are equipped with an inverter, allowing a variable flow rate which is chosen according to the
difference in temperature between the outlet/inlet of the solar field. In addition, the switch
on/off of the pumps depends on the temperature difference between the tank on the HP cold
side and the outlet water coming from the solar panels.
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Figure 3. 15: simplified schematic representation of the interaction among the different generators. Colour
code: blue line — cold water; red line — hot water
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The PV production is meant to totally (or almost totally) cover the HP energy consumption,
united with the other energy intensive devices within the plant. At the moment, no PV storage
IS present since the original mechanism was based on the net metering and feed-in-premium
strategies using the national grid as a virtual storage of unlimited capacity. This issue shall be
better enquired in the following paragraph concerned with the critical issues resulting from
the plant management.
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Figure 3. 16: pump P1, view and performance curve of a single pump
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Table 3. 3 resumes the different codes assigned to the pumps, their application and the maximum
consumed electrical power within the SH subsystem. In the end, the reference to the related picture

IS reported.

Pump Application Maximum consumed Figure

name electrical power [W]
Pl Between solar field and the 500-1 storage Variable Figure 3. 16

interfaced with the HP evaporator
P2 Between HP cold/solar storage and the HP 1200 Figure 3. 14
P3 Between HP condenser and HP hot storage 1200 Figure 3. 14
P4 Delivery pump to send hot water either to the 1200 Figure 3. 14
DHW or SH
P5/P6 Delivery pump of the SH subsystem 1200 Figure 3. 14

Table 3. 3: summary table of the main pumps within the pilot plant — SH subsystem, including information
about their positioning, power and reference to figures

3.1.2 Storage subsystem
On the SH side, no storage is present, except for the two 500 | tanks respectively interfaced with the
hot and cold sides of the heat pump. The lack of a storage for SH, united to the required high
temperatures (e.g., about 60-70 °C for air heaters and 50-60 °C for radiators) allows the HP work
only as a pre-heat of the return water for the radiator circuit (Figure 3. 15 b).

On the DHW side, two tanks (named after DHW1 and DHW?2 - Figure 3. 17) are present, with 1500 |
capacity each. The choice of two tanks instead of one of double volume was imposed by the sizes of
the boiling room which was not suitable for bigger tanks. Each storage has an external insulating
layer with a related thermal loss coefficient of 2.6 W/m? K (134), (135).

-

Figure 3. 17: domestic water storage tanks - DHW 1 on the left and DHW?2 on the right

DHW1 and DHW?2 are put in serial asset: DHW1 is heated either by the integration gas burner or by
the heat exchangers connected to the SAHP circuit (Figure 3. 19). DHWL is also connected with the
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cold water coming from the water supply. Then the top of DHW1 is connected with the bottom of
DHW2. This configuration makes the two tanks work as if they were stacked one on the other. An
internal recirculation system (dotted red line in Figure 3. 19, Figure 3. 20 d)) is then established
between the two tanks connecting the top of DHW?2 with the high part of DHW!1 to avoid excessive
stratification. A recirculation system grants the supply of hot water also in long non usage period
Figure 3. 20 c¢). From DHW?2, the hot water is mixed by means of a three-way valve with the
recirculation system by means of the twin pumps P9 (Figure 3. 18) and then sent to the users.
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Figure 3. 18: constant flow rate pump P9 for recirculation system (maximum consumption 103 W)
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Figure 3. 19: simplified schematic representation of the DHW subsystem. Colour code: blue line — cold
water; red line — hot water
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d)

<)
Figure 3. 20: twin pumps P7 (in the foreground of figure a) and P8 (in the background of figure a and in
figure b). Recirculation pumps P9 c) and internal recirculation pump P10 d).

Table 3. 4 resumes the different codes assigned to the pumps, their application and the maximum
consumed electrical power within the SH subsystem. In the end the reference to the related picture is
reported.
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Pump Application Maximum consumed Figure
name electrical power [W]

P7 Circulates the hot water from the burner to 140 Figure 3.
the heat exchanger 20

P8 It grants the heating of the DHW by means 225 Figure 3.
of two exchangers connected to the HP and 20

the burner

P9 Recirculation system 135 Figure 3.
20

P10 Internal recirculation between the two DHW 140 Figure 3.
tanks 20

Table 3. 4: summary table of the main pumps within the pilot plant — DHW subsystem, including information
about their positioning, power and reference to figures

3.1.3 Distribution and emission subsystem

Figure 3. 21: main elements composing the emission system: radiators (gyms, offices and lockers) and air
heaters

The pipes connecting the emission system pass into the cavity walls to reach the different internal
environments. The first part of pipes within the boilers room is insulated (about 2-3 cm thick) while
the remaining part is poorly insulated since it is linked to the pre-existing heating system.

Concerning the emission system, two main types can be identified (Figure 3. 21): radiators with a
working temperature of about 50-60 °C and air heaters with a working temperature of 70 °C. Given
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that the temperature drop between outlet and inlet water of the air heater circuit could reach about
10 °C, the contribution of the SAHP is negligible since the working temperatures on the hot side are
at about 50 °C. Indeed, the contribution of the SAHP in terms of space heating is concerned only with
the radiator circuit, as shown in Figure 3. 15 b.

3.1.4 Control subsystem

It represents one of the most interesting and relevant components of the plant. This aspect is almost
overlooked in traditional heating systems, since their simplicity allows a manual control even for
larger sizes, especially in civil/residential applications. While on the industrial side a good
management and control system is synonymous of efficiency, the awareness of this concept in non-
industrial application has been taking place in these years, as more complex plants are installed, to
meet the need for environmental-friendly plants. Through the monitoring process, information is
collected and the achievement of the goals can be assessed.

The Data Acquisition System (DAS) installed at the Palacus sport palace enhances all the following
aspects:

- itensures communication among all the subsystems, increasing the reliability of the plant

- the almost real time management and control performed by the DAS allows the integration of
the several components (e.g., solar field, heat pump, integration burner) according to both the
end users’ needs and the external climatic conditions.

- the DAS increases the plant productivity, exploiting the most efficient asset according to the
boundary conditions

- alerts can be set either to immediately get notification in case of occurrence or to prevent
critical situations to occur.

- in addition to the alerts, a report about the status parameters of the system can be obtained
easing the trouble-shooting process.

- the DAS can be accessed and controlled both on-site and remotely. The latter allows in most
of cases to reboot the system or make it operative again without any physical intervention. In
some cases (e.g., rupture of a component), the DAS still plays a central role to perform a
preliminary remote check-up of the plant to implement a quick and effective solution.

- the DAS allows the detection of gaps and issues to correctly address the resources to improve
the system, reducing their waste.

- the collected information represents a reference for the decision-making process to identify
mistakes, success, configurations that can be adapted and replicated for future projects.

In the specific case study, the plant is provided with:

- over 50 measurement points which allow the measurements of a large number of parameters:
from the temperatures/flow rates inside the system (e.g., of the solar field, inside the storage
tanks etc), the external climatic conditions (e.g., irradiance, wind speed, air temperature) up
to the status parameters referred to the valves, pumps and other components (e.g., working
hours for pumps). In addition, the system collects any warning to identify system failures or
even prevent them.

- Over 15 control points represented by automatic mixing and three-way valves, on/off controls
of the different components. Annex reports the complete functional scheme of the plant
outlines the location of the measurement and control points as well.
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The sensors are divided into two main groups:

weather station + solar field: located near the solar field, it collects the main parameters
associated to the solar panels and to the weather. It is connected to the internet by means of a
specific multinet (programmable controller) and it collects information about panel
temperature, solar radiation, air temperature, relative humidity, wind speed (Figure 3. 22).

Figure 3. 22: weather station at the solar field — Palacus

Boiling room: it hosts the core of the DAS. The internet connection allows both the remote
control and the communication with the solar field/ weather station. A Programmable Logic
Controller (PLC) manages both the control and acquisition systems, with an interface
accessible either on-site or remotely from the web application. The user interface consists of
different panels containing the graphic representation of the different parts of the plant (as
shown in Figure 3. 15 b) and Figure 3. 19) united with the measured parameters (e.g.,
temperature, status parameter of pumps), Figure 3. 24.
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Figure 3. 23: boiler room overview — the yellow rectangles identify the main hardware of the DAS
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Figure 3. 24: one of the control screens accessible even remotely, reporting the plant scheme and the main

measured parameters

In addition, some measurement points are analog while most of them are digital (Figure 3. 25)
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a)

Figure 3. 25: example of analog a) and digital b) sensors within the plant

One of the main roles of the DAS consists in the management of the different generators interacting
one with the other (i.e., solar field, heat pump and integration gas burners). The following working
pattern can be activated:

- usage of only gas burners. It represents the old system adopted before the plant revamping. It
can be used under critical situations (e.g., rupture of the HP) to prevent the interruption of the
SH and DHW services. From the point of view of efficiency, this configuration has to be the
least adopted.

- direct usage of the solar field with the bypass of the HP. It is more likely to be used during
summer when the water heated by means of the panels can be directly sent to the DHW
subsystem. The bypass has the double role of both increasing efficiency when favourable
conditions occur and avoiding the block of the HP due to excessively high temperatures on
the evaporator side (e.g., 45 °C).

- usage of the solar field coupled to the HP. It represents the reference case, especially during
the heating season, where the plant can reach its maximum efficiency.

In the last two cases, the integration gas burners can step in, every time the SAHP or the solar field
cannot grant themselves the required thermal needs.

Coupled to the previous working conditions, the DAS manages about 70 automatic control and
maintenance criteria. For instance, periodical high temperature cycles to prevent the growth of
Legionella bacteria inside the DHW tanks or the constant control on key parameters to switch the
active components of the plant off before critical conditions occur (e.g., control temperature of water
inside the solar panels to avoid freezing or stagnation, activation/deactivation of the solar bypass with
automatic setting of all the diverters). The following chapter concerned with numerical modelling
will recall the different regulation criteria built inside the model to reproduce the working of the real
plant.

On the data acquisition side, the DAS collects the measured parameters performing a preliminary
processing: the information is stored every 2 minutes as the average of measured values. This
operation allows the reduction of the memory size required without losing relevant transient
phenomena. In addition, the collection of any eventual warning allows to divide the sets of measures
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associated to the normal working conditions from the ones linked to system failure or inactivity for
maintenance reasons. The measurements are accessible from the web as well, by means of a
dedicated, protected access from the university network.

3.1.5 An overview over the plant performance

This last section resumes the performance of the plant, basing also on the calculations performed in
the original design and the works and PhD thesis (136), (137).

Primary Energy SAHP-PVT Int Int burner | PV prod —
energy need provided by Elec burner - - DHW [KWh]
(SH radiators | SAHP-PVT consump SH [kWh] [KWh]
+ DHW) [kWh] [kWh]
[kWh]
J 11.870 3.108 863 7.873 889 1.029
F 10.721 3.476 964 6.000 1.245 1.405
M 11.240 5.210 762 4.141 1.889 2.328
A 5.744 3.147 427 2.003 593 2.298
M 2.968 1.626 221 0 1.342 2.877
J 2.872 1.574 213 0 1.298 2.359
J 2.968 1.574 583 0 1.394 2.683
A 2.968 1.626 221 0 1.342 2.901
S 2.872 1.574 213 0 1.298 2.134
o] 2.968 1.205 211 0 1.763 1.547
N 9.987 3.889 1.080 4.910 1.188 1.082
D 11.870 3.235 898 7.685 950 967
T | 79048 | 31244 | 6656 | 32612 | 15191 | 23.610

Table 3. 5 Main annual operating data of the Palacus Sport Palace.

The expected coverage of SH/DHW needs by means of the SAHP-PVT is of about 40%. This
percentage is mainly due to the difficulties in the coupling of the SAHP-PVT to a high temperature
emission system. Even on the DHW side, the high set point temperature, needed for sanitary reasons,
requires the intervention of the gas burner, especially early in the morning and late in the afternoon-
evening (according to the month under study).

On the performance side, the HP interfaced with the solar field reaches an average monthly COP of
about 3.6. Such result is obtained as a ratio between the energy provided by the SAHP and the
electricity consumed in the considered month.

Considering a yearly performance instead, the total thermal energy provided by means of the SAHP-
PVT (either SAHP or solar bypass according to the season) is 31.244 kWh while the electrical
consumption is of about 6656 kWh, leading to a yearly COP of about 4.7. This improvement is due
to the energy delivered by means of the solar bypass during summer which relevantly increases the
useful effect, with a very small, added electric consumption due to the circulating pumps.

In addition, the PV production can cover the monthly energy need of the SAHP, with an
overproduction of about 60%. This issue occurs mainly in summer, since the sizing of the PV field is
referred to the months with lowest solar radiation (i.e., January or December).
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Out of the heating season, the need tends to become constant at about 3000 kwWh/month associated
only to the DHW needs. Anyway, very small fluctuations can be noticed in Table 3. 5 mainly due to
the different number of days within the months (30 and 31 respectively). The designers assumed
negligible the thermal losses due to the difference in temperature between the boiler and the room.
In addition, when the bypass is active, both the SAHP-PVT and the gas burner are expected to equally
contribute to cover the primary energy need, because of the reduced thermal energy provided by the
solar field.

Actually, the temperature reached by the solar panels, united with the reduction of the energy need
(about one third with respect to months such as January or December) makes more convenient the
direct usage of the hot water with the integration gas burner. Also on the functional side, the
temperature of the solar panels can reach values of about 40-45 °C which are not compatible with the
operative maximum temperature on the evaporator side (18 °C). Clearly, the convenience of the solar
bypass is directly influenced by the location and its climate.

The plant designer obtained these results basing on almost steady state, simplified approaches. One
of the strongest assumptions underlying the results is the neglection of relevant thermal losses along
the connection pipes between the solar panels and the solar storage (about 200 m supply + 200 m
return long pre-insulated pipes). As outlined in the previous chapters, the assumption can be
considered acceptable during the heating season, when the temperature of the water flowing inside
the pipes is comparable to the one of ambient air. On the other hand, the temperature becomes far
higher than the ambient air during summer, causing not negligible thermal losses which have not been
accounted in Table 3. 5.

Nevertheless, the results will be used in the next chapter as a further information to validate the global
performance of the assembled numerical model once the same assumptions have been implemented
(i.e., negligible thermal losses of the connection pipes of the solar field).

3.2 The sport palace Carmine Romanzi — energy characterization

3.2.1 DHW need

The facility mainly hosts a major sports hall with six lockers with three showers and three sinks each.
The ground floor is occupied by the administrative offices and some weight rooms. The utility rooms
(e.g., boiler room) rooms are on the back of the building (Figure 3. 26). An AHU (Air Handling Unit)
room is present as well; actually, this part of the plant is under revamping and it will be connected to
the SAHP-PVT to provide hot water to the heating battery.
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The lockers of the facility are also available for the athletes attending to the external sport courts (six
tennis courts and one soccer field - Figure 3. 27) which are used even at night especially during
weekends and in the milder seasons (i.e., summer and part of spring/autumn).

The sport palace is a multi-use facility, reference point for both university sport events and the
neighbourhood; indeed, many sport classes are held for children, sportsman and amateurs of all ages.
Therefore, the users of the facility are expected to be heterogeneous in terms of age, gender and usage
over the day. No relevant concentration in the typical daily DHW consumption profile is expected,
due to the large amount of sport classes scheduled during the opening hours, along with the chance
of autonomous individual or group sport activity. In addition, the complex is open seven days a week,
operating from 8 a.m. to 10 p.m. while the courts rental extends up to midnight during summer.

In addition, no relevant variation in the total daily amount in DHW is expected between winter and
summer. Without going into excessive detail, Figure 3. 28 shows the temperature trends of water inside
the DHW tank of the plant at Palacus during a typical summer (Figure 3. 28-a) and winter (Figure 3.
28-b) day.
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Each decrease in temperature from the set point value is due to cold water flow rate at the bottom of
the tank, caused by a withdrawal of hot water from the top (e.g., for showers). The comparison of the
DHW trends during the different years, resumed by the two graphs (Figure 3. 28), allows the following
conclusions:

during summer about nine main withdrawals occur, with respect to about four/five occurring
during winter. This trend is in accordance with the reduced usage of the external courts of the
facility during winter, with a lower frequency of showers in the lockers.

Each peak has the same intensity, since it determines very similar decreases in temperature.
Besides the increase of DHW usage, the temperature in the DHW tank decreases of about 0.5
°C after each usage (the tank has a volume of about 3000 I) while during winter the decrease
almost doubles. This result can be associated to the more likely colder showers during summer
with a lower consumption of DHW.

the difference between the two initial trends is highly influenced from the initial condition
(the initial average storage temperature is about 52 °C and 49 °C respectively during summer
and winter) with a longer time taken by the heating system to reach the set point (about a
couple of hours for summer and about four hours for winter). This difference is also linked to
the first relevant withdrawal which occurs in both cases at about 10 a.m. Actually, during
summer, the set point has been almost reached and a decrease can be appreciated. On the other
hand, in winter the heating system is still heating up and therefore the withdrawal can be
outlined only by the change in the slope occurring from 10 a.m.

the duration of each withdrawal remains almost unchanged during the year without any
appreciable variation between summer and winter.

Besides of the starting period (about from 8.00 a.m. up to 10.00 a.m.), part of the withdrawals
occurs during the heating phase; this can be observed by the different inclination of the upward
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sloping of the temperature curves shown in Figure 3. 28. For instance, during summer, the
slope of the initial re-heating is steeper than the ones during the middle of the day, because of
DHW usages during the heating phase of the DHW tanks.
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Figure 3. 28: DHW usage based on DHW storage tank temperature profiles. Typical day trends for a)
summer and b) winter

As far as the total yearly energy need for DHW production is concerned, the original plant design
(dating back to 2012) estimated about 30 MWh based on the measured data and recorded trends of
the past years. This value is comparable to the one obtained with the approach contained in (138),
(139). The primary energy need is given by the contribution of different terms: mainly the energy to
heat the water added to the thermal losses (e.g., due to the distribution pipes, water storages,
recirculation systems) minus any eventual free energy gain or recovery (Eq. 3. 1).
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an,W,out =Qw+ Qwer+Qwa+Qrws— QW,ghp,in Eq.3.1
With
Qgn,w,out: primary generation energy need for DHW [kWh]
Qw: useful energy need for domestic hot water production [kWh] - Eq. 3. 2
Quw.er: thermal losses due to the supply subsystem [kWh], assumed equal to O as prescribed in (138)
Qiw,d: thermal losses due to the distribution subsystem [kWh] - Eq. 3. 4
Qiw,s :thermal losses due to the storage subsystem [kWh] - Eq. 3.5

As better described below, the heating system under analysis has no recirculation system, a couple of
water storage tanks with a total capacity of 3 m® and the formulation of each term is briefly reported
as follows:

Useful energy needs for DHW production - Qw:
Qw = pWCWZ[VWi(Ter,i - To)] N Fg.3.2
i

Where
pw: water density [kg/m?]
cw: water specific heat [kWh/kg K]
Ter,i : required set point brewing temperature [K], fixed at 40 °C
To: the initial temperature of the inlet water from the supply, approximately equal to the soil
temperature as the water supply pipes are underground [K]. The ground temperature (besides of the
surface layer of the ground) corresponds to the local average seasonal air temperature. The average
seasonal air temperature for Genoa is of 14.7 °C, (140).
N: the number of days for the period considered for the calculations
i-index: a counter for eventual different activities requiring hot water at different set point
temperatures
Vwi: the daily required volume of water. It can be estimated for non-residential application by means
of Eq. 3. 3

Vw = a Ny Eqg.3.3
With
a: specific daily need, fixed at 50 I/day for sport palaces, gyms
Nu: dimensionless parameter determined according to the building under analysis; concerning sport
palaces it equals the number of showers present in the facility

Thermal losses due to the distribution subsystem - Qw.gd:

Qiwa = Qw + Qrwer) fiwa Eq.3.4
Where
Qw: useful energy need for domestic hot water production [kWh] - Eq. 3. 2
Qiwer: thermal losses due to the supply subsystem [kWh], assumed equal to O as prescribed in (138)
fiw,a: loss factor of the distribution subsystem [-] which can determined by means of tabular approach
for existing plants
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Thermal losses due to the storage subsystem - Qw.s:

S Eg. 3.5
QI,W,S = d_s (Tavg,W,s - Ta)t)ls a
s

With

Ss: storage external dispersal surface [m?] — determined according to the geometrical dimensions of
the storages

ds: insulating layer thickness [m] — 5 cm for the case study

As: insulating layer conductivity [W/m K] — about 0.10 W/m? K

t duration of the period under analysis [h]

Tavg,w,s : average water temperature inside the storage, fixed at 60 °C in the approach in (138)

Ta: ambient temperature of the boiling room containing the storages [°C], equal on average to 16 °C
for the case study.

Applying formulations from Eq. 3. 1 to Eg. 3. 5, the estimation of DHW primary need is about
29700 kWh, with very good accordance with the design assumption and the energy efficiency
analyses performed in previous PhD works (136), (137).
In conclusion, the DHW need can be considered constant over the different months, with a
preliminary estimation need of about 2700 kWh, obtained equally dividing the annual need over
eleven months (the facility is typically closed during August). This value corresponds to about 70-
80 m® of DHW consumed, with a daily average of 1.5-2 m®,
With specific reference to the hourly DHW consumption profile, very few works in literature enquire
the field of non-residential buildings, although some specific applications show very high DHW
consumptions (e.g. restaurants or hospitals where the peaks in DHW consumption can be related to
intensive cleaning and meal cooking). Clearly the larger number of variables than in the residential
case makes any experimental survey even tougher. For instance, a daily water consumption between
440 and 4400 l/day has been found in (141) for DHW consumption in restaurants, with a strong
dependence on the number of both customers and dishes served. (142) shows a very interesting and
complete review of the researches available in literature, highlighting the lack of exhaustive and
methodical analysis for DHW profiles for different buildings types, on different climates and
geographical zones. These aspects cannot be neglected since the limited available works on the topic
shows very relevant variations for different building types.
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Figure 3. 29: average hourly daily profiles for residential (Right axis plot, orange line) and non-residential
applications (left axis plot, green — office building, red — restaurant, blue — hotel) (142)
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Concerning the specific case study, the following averaged hourly DHW profile has been
implemented (Figure 3. 30), basing on the measured information. Its accuracy can be found in the
following aspects:
- Anaverage of five main peaks is registered on a typical, reference day. These peaks reproduce
the massive usage of the lockers at the end of group trainings.
- The total daily consumption of water (area swept by the curve) is of about 1.5 m*. Such value
is within the limits deduced above.
- The section about the validation of the numerical model (Section 4.2.3) will show the
comparison between the measured trends for water temperature inside the DHW tanks and
the simulated one, caused by the DHW profile plotted in Figure 3. 30, with very little variation.

Daily average DHW profile
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Figure 3. 30: reference DHW hourly profile implemented in the numerical simulation

3.2.2 SH need

The building dates back to the period the nearby Faculty of Physics was constructed (between 1974-
1987). Therefore, the envelope of the structure is poor in terms of energy performance. The vertical
structure is made of reinforced concrete pillars and beams as well as the bleachers for the public, with
opaque closures towards the outside made of concrete bricks with an average transmittance between
1-1.2 W/m? K, also considering the contribution of single glass-aluminium doors and windows
(Figure 3. 32). The roof is made in exposed steel beams and a covering made in part of opaque panels
with an average transmittance of 1.5 W/m? K, with central shed glasses (Figure 3. 31).

Figure 3. 31: particular of the roof of the sport palace
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Figure 3. 32: most common opaque panels and windows of the sport palace

The building has important external shadings mainly towards North, North-East and North-West
while on the other directions it is well exposed to the solar radiation, with a relevant benefit in terms
of energy needs for heating.

Basing on the design project dating back to 2012 and to the following efficiency analyses carried out
in previous PhD projects (136), (137) estimated an energy need for the pre-heating of the radiator
circuit by means of the SAHP of about 44 MWHh related to a dispersal surface of more than 3000 m?.

This yearly value can be then split into the different months of the heating season (Figure 3. 33) while
the SH need is zero during summer and part of autumn/spring since the heating system is off.

Monthly SH primary energy need (pre-heating radiators)
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Figure 3. 33: monthly need for space heating for the sport palace Carmine Romanzi

With reference to the opening hours of the structure reported above, the heating system is operative
only from about 7-8 a.m. up to 10 p.m. with very slight fluctuations over the year. The shape of the
SH daily demand profile used in the current work is based on the one used in other researches about
the sport palace (136), (137) and it is in accordance with similar topics dealt in previous studies (143),
(144)- Figure 3. 34.
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Figure 3. 34: reference profile for daily SH need considered for the sport palace Carmine Romanzi. The
vertical axis is unitless since it depends on different parameters (e.g., external temperature, solar radiation)

With reference to Figure 3. 34, the following points can be identified:

Starting of the plant: about half an hour before the opening (8.00-8.30 a.m.) the plant usually
starts and one the highest daily peak is reached in terms of power, to reach the set point value
in all the internal environments which have cooled down during night (Section A-B in Figure
3. 34). Clearly the slope of the line depends on the initial conditions (e,g, air temperature, solar
radiation availability) and on the required set point, united with the characteristics of the
envelope. For this reason, no value has been assigned to the vertical axis since it is expected
to vary during the different months of the heating season. Then, a steep decrease in the need
occurs when the set point is reached (Section B-C in Figure 3. 34), reaching an almost constant
value.

Steady state regime: the SH heating need can be approximated as constant during the central
part of the day (Section C-D in Figure 3. 34) since the plant works to keep the set point
temperature, with no significant effort with respect to the initial heating. The starting and
ending points of this part depend both on the initial and boundary conditions. In particular,
point D is likely to occur later in mildest days (e.g., in April) due to longer solar radiation for
instance.

Second peak and switch off: in the evening, a second peak is usually appreciated (Section D-
E in Figure 3. 34), due to the fall in temperature during night. Anyhow, this peak is likely to
be lower or equal to the first one early in the morning, since the environmental conditions are
comparable, but the structure is already/almost at the set point temperature. In some cases, the
peak (point E) can be followed by a horizontal section, depending on both the usage of the
structure and the external climate. Then, the switch off of the plant occurs (Section E-F in
Figure 3. 34) since the facility closes. In addition, Italian laws establish a maximum daily time
for heating system operativity, according to the climate zone. The present case study is located
in Genoa (climate zone D — between 1401 and 2100 Degree Days) and the plant can be
operative up to 12 hours a day during the heating season (from November, 1% up to April,
15M).

Concerning the numerical modelling, the contribution of the SAHP is limited only the pre-heating
the water returning from the radiator circuit which serves only the lockers (for additional information,
please see section 3.1.3 and Annex). In turn, the lockers are placed inside the structure, either in touch
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with heated (e.g., sports hall, offices) or unheated (e.g., crawlspace) environments, with no direct
solar radiation. Consequently, two main observations can be drawn:

- the SH referred only to the radiator circuit shows very small variations over the heating season due
to its location inside the structure. This aspect is supported from the recorded measurements of both
the supply and return temperatures of the radiator circuit along the different months (respectively T18
and T15, Figure 3. 15b). In Figure 3. 35 an almost constant difference in temperature of about 2-3 °C
can be noticed during the different days. This trend remains almost unchanged all the heating season
long. In addition, the difference between supply and return temperature seldomly approaches to zero
values, meaning that the circuit is active very often during a typical day. On the other hand, the supply
temperature varies between 50 °C and 60 °C according to the external ambient temperature. This
control criterion will be better described in the following chapter about numerical modelling.

- the present study will simplify the modelling of the SH associated to radiators introducing a
standard difference in temperature between outlet and inlet flow rates on the heat exchanger with the
SAHP of either 2 °C or 3 °C, according to the external temperature all the heating season long. This
assumption is supported by the following considerations:

a) the difference of the temperature between supply and return water referred only to the
radiators (within the lockers) can be considered weakly influenced by the external climate,
thanks to the position of the environment inside the structure.

b) the SAHP-PVT pilot plant is designed to preferably provide as much heat as possible to the
DHW production. The SH subsystem is conceived as a secondary circuit with which heat
exchange occurs only when the DHW is either within the set point values or in stand-by.

c) Figure 3. 35 reports the measured parameters of the water temperature inside the radiator
circuit before and after the heat exchanger with the SAHP, showing that the difference in
temperature is about 2-3 °C.

More details will be provided in the numerical modelling chapter (Section 4.2.3).
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3.3 Critical issues resulting from the plant monitoring and management

This section provides the reader with the last element needed to have a complete view over the plant:
the critical issues aroused during the plant monitoring and management. This aspect is of paramount
importance, since it is the first step to increase the plant efficiency. Five main topic areas have been
identified and they are briefly resumed as follows. These issues represent the starting point of the
present study which aims at new interventions to increase the plant efficiency and solve or at least
improve the problems described below.

3.3.1 Acceptance

When approaching a plant design, the common and recurrent target parameters to be met are
concerned with the efficiency and the plant working (e.g., COP) with no attention at all to the reaction
of the users to the new plant.

The term "efficiency" refers to the peak level of performance that uses the least number of inputs to
achieve the highest amount of output. Efficiency requires reducing the number of unnecessary
resources used to produce a given output, including personal time and energy. Efficiency is
a measurable concept that can be determined using the ratio of useful output to total input. Increased
efficiency minimizes the waste of resources such as physical materials, energy, and time while
accomplishing the desired output (145).

According to the definition above, all traditional designs aim at the reduction of the denominator (i.e.,
the consumption, the employed resources), while the numerator (required output) is considered
always present. Actually, a plant which is not used has a null efficiency, even if the least number of
inputs were used. A complex and not accepted plant is very likely to reduce the input but also the
output as well, since the final users tend to be more confident with well known, old technologies,
even if they are less efficient.

Another neglected aspect of the definition is concerned with time. Even if it does not seem to play a
direct role in efficiency (except for the time strictly needed to accomplish the task), people tend not
to spend time to understand new technologies, besides of the attainable performances and savings.

All these concepts shortly exposed belong to the wider topic of acceptance, which has involved
researchers from very different fields (e.g., social (146), (147), (148), psychological (149), (150),
economic (110), (115), technical (116), (151), (152)) since a new element with very low acceptance
could reveal unsuccessful for instance since people do not tend to invest in it. The concept of
acceptance itself is very wide; it is conceived as “a general agreement that something is satisfactory
or right” (153). The term “something” reported in the definition may apply the very different cases:
from policies (e.g., about environment) up to new technologies.

The present section is concerned with the technological issues connected to acceptance, with specific
attention to the case of the SAHP-PVT pilot plant at Palacus.

In fact, the original heating system of the facility was based on two gas burners. Then, the revamping
coupled a solar assisted heat pump with hybrid panels to the existing plant. Actually, the change in
the plant was quite radical:

- the old one worked almost independently from both the environmental conditions and the
level of usage of the facility. The working of the burners always occurs under steady state
regime and the control/maintenance activities are well known and established. The plant
control can be performed without any advanced/automatic system, as it was based on few and
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simple parameters (e.g., set point temperature for inlet water, set points of the external climatic
weather sensors).

- the SAHP-PVT almost always works under transient regime, with its performance
considerably dependent on the environment conditions and on the usage of the facility. The
increased number of control parameters, united with the different possible working conditions
requires a high level of self-control and automatization since a manual control could not
manage the plant correctly. In case of blocks, the SAHP needs a manual re-start, after the
causes of the block has been understood and removed if necessary. This operation requires
added skills, mainly technical comprehension about the working of the main systems.

As a consequence of this change in the approach of the plant management, the technical staff preferred
to switch from the SAHP-PVT to the burners many times during the heating season (especially in the
former years), since they were afraid of possible blocks which would require an additional
intervention. Another instance is concerned with failures or ruptures of the plant where the time took
for the whole intervention increased. Indeed, the staff intervenes within the 24 h following the fault
report and more time is needed to identify the component/components which need
reparation/substitution. This operation would lead to a delay of about 2/3 days caused by a simple
block in the HP.

This kind of plant inactivity which is either entirely or mainly linked to the issue of acceptance can
be found in the measurements as well. Focusing on Figure 3. 36, the higher contribution of the heat
pump in SH applications seems to be higher in the mildest months. This trend can be mainly attributed
to the issue of acceptance, indirectly measured by means of an operative parameter. Clearly another,
yet secondary, cause is represented by the efficiency comparison between SAHP and gas burners
under critical conditions. In fact, under particular conditions (e.g., high power required for initial
heating, united with cloudy day and low air temperature) the usage of the burners might result more
efficient than the SAHP. On the other hand, the SAHP is very likely to be more convenient to keep
the set point temperatures once the initial heating phase is concluded.
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Figure 3. 36: thermal energy provided by the heat pump (gcond) 2gainst a reference working year. Out of
heating seasons no value is reported since the bypass is likely to be active most of times.
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3.3.2 Hybrid panels durability and reliability

As illustrated previously, the hybrid panels installed at the facility present a polycrystalline layer
below which a roll bond plate is welded allowing water to flow inside the panel (Figure 3. 7). Below
the metal plate, the panel can be equipped with insulation. As far as the present case study is
concerned, panels with no thermal insulation were adopted. Indeed, the panels have been designed
mainly to work as cold source for the HP, therefore the expected average working temperature during
all the heating season is likely to be very similar to the one of the air, with consequent negligible
thermal losses, independently from the panel conductivity. On the economic side, this choice allows
a reduction of the initial cost of the plant since low insulated panels can be adopted. In addition, the
roll bond technology even cuts the costs of the panels, making the SAHP technology more affordable.

On the other hand, the chosen kind of panels can carry the following issues:

- the lack of insulation can dramatically reduce the panel performance when the bypass is
active. Under these conditions, the temperature of the panels is high enough to bypass the HP
and be directly sent either to the SH or the DHW subsystem. Consequently, the difference in
temperature between water inside the panels and ambient air is no longer negligible and
thermal losses are appreciated.

- the building technology of the thermal side of the hybrid panel allows an initial low cost but
exposes the panel to the risk of debonding without the chance of any cost-effective reparation
but the substitution of the panel. Concerning the specific experience gained on the pilot plant
during about a decade, about 20% of the panels were subjected to leakages and the only
effective intervention consisted in their hydraulic bypass until the substitution occurred. Apart
from a small percentage linked to manufacturing defects, the leakages might have been
affected by the issue of stagnation and the acid environment caused by excessive
concentrations of glycol. This issue shall be better enquired in the following paragraph about
the hydraulic decoupling of circuits.

On the side of SAHP performance, this intervention clearly reduced the heat delivered to the

evaporator by means of the solar field, while the PV production did not experience relevant

decrease in the production, since the hybrid panel could work also as only PV panel as well.

Undoubtedly, the lack of water in the panel determined a higher working temperature with

lower efficiencies, but the PV side of the hybrid panel was not completely compromised.
Annex D of UNI EN 15459 (154) provides the expected life span for different components
implemented in buildings, including solar panels which are expected to be operative for about 20
years (Annex D estimates between 15 and 25 years). If just half of the expected life span has passed,
the durability of the panels should be revised. On the reliability side, the possibility of disjoint
working (e.g., only PV panel) allows a further resilience to the plant, even considering the reduced
efficiencies.

3.3.3 Hydraulic decoupling of circuits

The hydraulic circuit of the solar panels is filled with a mixture of water and glycol, to prevent
freezing of the fluid inside the panels and rust formation. Clearly, the presence of glycol can play a
negative role in case of stagnation: when the fluid evaporates (especially during summer when high
temperatures are reached and the solar field is very likely to be inactive) the concentration of glycol
can determine corrosive phenomena. For this reason, a periodic check of the pH and glycol
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concentration must be performed to avoid an excessive acid environment. Moreover, the presence of
glycol can cause the formation of obstructions or limescale.

The importance of this issue increases with the size of the solar field: for the present case study, the
total volume of water inside the solar circuit is estimated to be about 1000 I. This evaluation can be
carried out considering 80 panels of 1 | capacity each, united with the water within the connection
pipes (about 500 m of total length with a variable diameter between 2 and 3 cm) and the 500-1 storage
on the HP cold side as outlined in Figure 3. 37. Considering that a mixture of water with about 20%
of glycol (as assumed in the original design) leads to freezing temperatures of about -5 °C, the volume
of glycol can be approximated at 200 I.

Always basing on the plant layout, such mixture flows not only in the solar panels, but also in the
storage on the HP cold side, up to the heat exchanger interfaced with the evaporator. On the operative
side, this configuration exposes some critical parts of the plant, such as the heat exchanger on the HP
evaporator, to the risks associated to the presence of glycol (e.g., limescale formation, obstruction).
In addition, the part of the circuit with the tank (except for the HP) is within the boiling room
(represented by means of the green lines in Figure 3. 37) and therefore no risk of freezing occurs.

The design choice was led by efficiency reasons, to avoid the addition of a heat exchanger with
consequent losses in the fluid temperature.

In addition, the presence of a tank of relevant capacity (about half of the total estimated volume) and
the considerable extension between the solar panels and the boiling room (about 200 m) might cause
non-uniform distribution of the glycol along the circuit.
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Figure 3. 37: detail of the functional scheme of the solar field up to the interface with the HP evaporator.
Colour code: blue line — cold water; red line — hot water; dotted lines indicate the solar bypass. More
information is available in the Annex and in Figure 3. 15
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3.3.4 Efficient management of a PV/PVT solar field

The efficiency and economic convenience of PV/PVT solar fields depend on the number of electrical
consumptions when solar irradiation is either low or unavailable.

The target and reference solution consists in a configuration where the produced electricity is directly
consumed. As part of consumptions shift to periods where the PV production is either low or
negligible, the economic convenience of photovoltaic fields tends to decrease, up to the limit case of
a not cost-effective facility.

In other words, the temporal mismatch between electricity demand and production is the core element
on which act to have a high-performance plant. Most of the researches and policies over the past two
decades have focused on solving this problem. Up to now, only temporary and not resolutive solutions
have been proposed.

Two main strategies are taking place:

- Net metering: the excess PV production which is not self-consumed is sent to the national
grid, acting as a virtual storage. Then, the user/producer can take the energy back when needed
(e.g., during night or months with low solar radiation) with less expense than a standard
withdrawal from the grid. Indeed, in the net metering only the additional charges are paid,
while the electricity is not since it is as if it were produced from the solar field. Clearly, the
maximum exchangeable quantity of electricity corresponds to the one immitted into the grid,
on a yearly basis. At the end of every year, if the energy immitted is greater than the withdrawn
one, a refund is given by the electrical grid operator (155)

With specific reference to the pilot plant presented, this strategy would completely solve the
problem since the yearly PV production can entirely cover the HP needs, even with little over
production (about 6% as outlined previously). Indeed, the plant benefited from this bonus.
Anyway, this strategy shows a weak point: it depends on the policies, which might
dramatically change during the useful life span of the plant. Indeed, the Legislative Decree
n.199 came into force on November 8", 2021 states that the net metering criterion is going to
be abolished within the end of 2022 (art.9, subparagraph 2) (156). This decree applies to both
new and existing installations, with very negative consequences. Indeed, the incentive
mechanism plays a central role in the affordability of PV/hybrid plants and it does influence
the design criterion. Indeed, most of photovoltaic plants were designed to cover the winter
needs by means of the summer over production. Therefore, a change in the incentive criterion
causes an upheaval of the expected payback time.

- Installation of batteries: this strategy shows less dependence on future policies and it aims to
maximise the self-consumption on-site trying to substitute the national grid as storage. Some
main concerns can be illustrated:

a. inertia and capacity of the battery: while the national grid allowed a balance on a yearly
basis, the battery is up to now able to work on a daily basis, to cover the night-time
needs with the daily production.

b. LCA: batteries are granted to have a ten-year life span, but also they are composed of
very polluting elements (e.g., heavy metals). In absence of incentives, this technology
would hardly satisfy the cost benefit analysis.

c. power: to substitute completely the national grid, a PV storage system should be able
to cover the peak power as well. The discharge power of the batteries is in most of
cases suitable for domestic applications (about 5 kW), but not for installations with
greater power. The SAHP - PVT pilot plant requires a peak electric power of 12 kW
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just for the heat pump excluding every other energy consuming device. Consequently,
the number of required batteries would even increase to grant both capacity and power.

With specific reference to the SAHP-PVT pilot plant under study, a relevant issue in the management
of PV production has been identified (157), since about 60% of the total yearly production is not used
by the SAHP-PVT. This problem occurs since the plant has been sized to cover the HP needs also in
the months with minimum solar radiation. As a consequence, the PV production during the maximum
solar radiation (e.g., June, July and August) becomes by far higher than the required one. On the
other hand, the plant could have been designed to cover the need in the month with the highest solar
radiation. In turn, this would have made the contribution of the PV field almost negligible during the
heating season, always highlighting a relevant issue in the interface between HP/SAHP and PV fields.
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4. Modelling of the SAHP with PVT panels pilot plant by means of TRNSYS

This chapter deals with the numerical modelling of the plant, to identify and preliminary evaluate the
interventions and their influence on the global working of the plant.

The SAHP-PVT plants work under transient regime and they require a numerical code able to perform
calculations removing the assumption of steady state regime, such as the TRNSYS environment.

After a former introduction about the main objectives of the modelling, the mathematical formulation
of the main components of the SAHP-PVT is presented. Then the validation of the TRNSYS model,
basing on the measured parameters by means of the DAS is performed.

4.1 Objectives of the modelling

The main target of the modelling approach consists in the ability to assess the plant performance,
before its realisation, to check the respect of the energy efficiency requirements and evaluate its
economic convenience.

The need for more refined, numerical simulations lies in the fact that calculations can be hardly
performed by hand when the steady state regime assumption is removed. A more precise estimation
of the plant performance is needed, according to the external environmental conditions and the
required heat load. In addition, this issue acquires even more importance since the need is dictated by
both operational planning and optimisation (144), (158), (159).

On one side, transient simulations can provide a better degree of approximation, reducing the
uncertainties carried by a steady state approach. The numerical modelling allows to enquire even the
aspects linked to pollution/reduction of fossil fuel usage, comfort of indoor environments and plant
reliability (160)On the other side, a more precise approach requires additional information, to be able
to analyse each component of the system under dynamic conditions. Anyway, an approach involving
more parameters does not always lead to more precise results. In fact, the additional information has
to be collected with an adequate precision, otherwise the model outputs could become even less
reliable than the ones obtained under simplified, steady state assumption (143), (161), (162).

Actually, the topic of numerical modelling has to cope with many critical issues that can significantly
reduce the reliability and the field of application:

- complexity of the system: differently from the steady state regime, analyses under transient regime
need to be performed adopting a proper time step, over which the program performs all the
calculations using as boundary conditions the results of the previous time step. The more complex
the model, the higher the required computational capacity. In addition, one or more components may
become unstable preventing the convergence of the solution (163). In the present study the model
was assembled to prevent any numerical instability of the solution and to avoid any unjustified added
complexity.

- lack of sufficient data for the validation stage: a great amount of information is required to properly
validate each component of the plant, especially if different working conditions are available (164).
In other words, the reliability of numerical transient models is directly affected by the extension of
the data acquisition system on a prototype or on the plant itself, to carry out an exhaustive validation.

Going more in detail into the field of solar assisted heat pumps, the short diffusion of SAHPs has
been accompanied by the lack of complete DAS, especially as the plant increases its size. The main
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reason can be found in the initial cost: for instance, the DAS installed at the SAHP-PVT pilot plant
under study represents about 20% of the total initial expense.

In addition, the involvement of different sources and technologies (e.g. storages, valves, solar panels,
heat pump) introduces many working conditions which are not usually monitored by the on board
minimal control systems. Concerning the specific SAHP-PVT under study, the almost real-time data
acquisition performed by the DAS allows the overcome of this issue.

- choice of the numerical code: the studies carried out in literature can be divided into two main
groups:

1) several Authors preferred to use self-compiled programs, with specific attention to the issue
of interest to them (e.g. interface between plant and building, dynamic model of building,
dynamic model of the plant) (165), (166). Some Researchers also opted for lumped
approaches, (167), (168) which are not always suitable to model the plants under analysis.
Programs tend to be specifically tailored for the plant under study, with the risk of losing
general validity and applicability to other similar yet different case studies.

2) Other Authors prefer to develop their model starting from software environments where
some elements are already available. This approach has been enhanced by programming
environments such as MATLAB/Simulink where a more user-friendly interface is provided.
(169), (170), (171). TRNSYS belongs to this group as well, providing a set of “built-in”
elements ready to use. Anyway, the users are free either to write down their own codes for
specific elements, not included in the initial library or to modify the existing components
(172), (173).

Besides of the specific aims of the present work, the numerical modelling of a plant should become
a concept strictly related to the facility itself for all its useful lifespan. The approach chain of data
collection, model validation and efficiency analysis should not be relegated to specific studies. On
the contrary, it should be performed almost continuously and in an automated manner for an almost
real time update of the set point parameters to keep the plant efficient.

4.2 Description of the main components of the plant and their numerical validation
This chapter introduces the different components implemented to simulate the SAHP- PVT at
Palacus, by means of the TRNSYS17 environment (174).

4.2.1 Model validation criteria and measured data processing
The model validation deserves a great importance, due to the transient regime, united with the
different working criteria and interaction among the different components.

Indeed, the validation of each component singularly may not be always feasible, because the
boundary conditions must reproduce the same measured conditions to which the reference
information is associated.

On the other hand, only the validation of the entire model of the plant as a single element may lead
to unsatisfactory results, due to the relevant number of parameters to set for each component and the
large number of checks under different working conditions.

In conclusion, the validation of the model shall be carried out according to the following criteria:

- Validation of single components, whenever information about the component working on its own
is available. The validation shall be concerned with both graphical comparison between
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simulated and measured trend of chosen parameters over time and the comparison with average
values.

- Validation of the smallest group of components when their working occurs simultaneously.
Within this stage some elements singularly validated before shall be used again. In these two
stages, the simulation time shall cover a time span of some days, a week at most.

- Validation of the global performance of the plant: this stage enquires the working of the plant
from a wider point of view, focusing both on the trend of chosen parameters over time (e.g.,
temperatures, COP etc) and on the global production of the plant over a reference year.

The measurements employed to validate the model have been already post-processed to assign the
data sets to either the different working conditions or any unexpected operation. Indeed, the DAS
records both physical parameters (e.g., temperature) and logical ones (e.g., warning or flags to
identify the activation/deactivation of specific working conditions), so that the measurements can be
easily distinguished. No particular filtering process was adopted, not to lose the transient phenomena
occurring. Any eventual and unwanted fluctuation of parameters over a very short time has been
already smoothed by the DAS which averages the values over a time range of almost two minutes.

Concerning the models carried out, the simulation of transient systems with relevant mass flow rates
poses a not negligible issue about the convergence analysis. In fact, the frequent switch on/off of the
pumps (nominal flow rates between 5000 and 8000 kg/h) is very likely to cause a missed convergence
of the non-linear equations involved, even accounting for hysteresis effects. Therefore, the optimal
convergence values adopted in the simulations below are concerned with a very small time-step
(variable between 1 minute for the validation of the SAHP up to 10 minutes for the simulation over
a reference year) and a tolerance convergence of 0.35. As shown in the following sections, these
values allow reliable, converged results without requiring an excessive computation time.

4.2.2 TRNSYS environment
This software allows the implementation of complex, dynamic systems, performing a transient
analysis and solving sets of equations iteratively.

Some main characteristics can be identified:

- Components: they can be conceived as black boxes implementing a specific numerical model of
a given element, instead of reproducing the physical phenomena occurring. For instance, many
models (and therefore many components) about solar panels are available using different
formulations. New, hand-made components can be introduced and the existing ones can be
modified by means of the source code containing the set of equations and the models. Different
groups can be identified:

o Plant components: they reproduce the working of a specific elements, such as a heat
pump, connection pipes, heat exchangers

o Controllers: they can perform one or more user defined criteria to compute control
variables which enable/disable the working of specific components (e.g., control variable
to switch a water pump on/off)

o Physical phenomena/forcing function: they can reproduce/generate the boundary
conditions, for instance concerning the weather or DHW withdrawal. The program allows
the import of external files or the point-by-point definition of the forcing functions using
any physical (e.g., water draw, temperature etc).

o Output: they can give the user numerical output of any variable inside the system both in
a graphical and numerical way. The results can be saved and printed step by step or at a
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chosen time range on external files according to user-defined paths. Computer/integrator
components can perform additional result processing (e.g., daily integration of solar
radiation) already within the program without requiring further post-processing.

Every component presents different main tabs:

o Parameter: it is referred to the time independent information (e.g., volume, specific heat).

o Input: it is associated to the initial conditions (e.g., initial water temperature inside a pipe)
that shall be replaced with the outputs of the previous time step by the program.

o Output: the user chooses which output parameters available for the specific component
shall be printed.

o Derivative: it is usually concerned with initial inertia (where needed). For instance, this
tab can be used to describe the water temperature at different nodes inside a water tank.

o External files: the user inputs the path of the files to be eventually read by the component
(if necessary) as input information, such as the HP performance.

- Connections: they allow the exchange of different information between the components of plant,
such as control parameters, or between output and input quantities of different components (e.g.,
output water temperature of a solar panel and input water temperature of the connection pipe).

- Solution: once the model has been assembled with components, connections and boundary
conditions, the iterative solution can be run. Two different solvers are available: the successive
substitution method, suggested for systems with a thermal capacity and Powels method, suitable
for systems with many non-linear equations, like PV systems. The user can define both the start
and end times of the simulation, united with the time step. This parameter can influence the
convergence of the set of equations to be solved and the time taken to solve them, therefore it
has to be properly chosen also according to the duration of the simulation (e.g., daily or yearly
basis simulation) and the stability of the equations implemented in the model (convergence
analysis of the model). All the models reported below adopt the successive substitution method.

4.2.3 Model assembly and validation

The three main components of the model shall be presented (i.e., hybrid solar panels, heat pump with
bypass and storages) united with their validation. Then, the additional components such as hydraulic
connections and control units shall be introduced, along with the global model of the SAHP-PVT,
also testing the working of all the assembled components.

Solar panels

Brief description:

Concerning numerical modelling, performance models referred to standard test are used for different
environments such as TRNSYS or others (e.g., MATLAB). Actually, the use of the collector (e.g.,
direct DHW production, interface with HP etc.) already reduces the possible, applicable models. In
addition, the kind of solar panel may help to exclude further models: for instance, covered collectors
usually present a negligible latent heat exchange while condensation has to be avoided to prevent
internal damages.

As regards the hybrid panels interfaced to a HP, their working might occur also as ambient air
exchangers (especially in mild climates) in absence of solar radiation. In this context, the expression
of their efficiency as a ratio between the useful heat obtained and the incident solar radiation might
not be representative and lead to unexpected results. Some models (and standards) suppose a linear
correlation between inlet and outlet fluid temperature, when mass flow rates are small and no solar
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radiation is available. More in general, specific attention should be paid to the working of solar panels
models when non-standard working conditions are reached (e.g., very low mass flow rates, working
temperature lower than the ambient one, no solar radiation available). In addition, when panels have
the conjoint production of hot water and electricity (PVT panels) the solar radiation in common
thermal collector models should account for the PV production.

The hybrid panels of the pilot plant have been modelled by means of TRNSY'S type 50a-3 where a
PV module is combined with a flat-plate collector. The model bases on the analysis and work of
Florschuetz et al. (175), (176), (177), (178) for flat plate collectors operated at peak power. The model
adopts the cells I-V curves to compute peak power or electricity production at given voltage. The
parameters illustrated in Table 3. 1 have been implemented (179). In addition, type 50a-3 requires just
ambient temperature and incident radiation as boundary climatic conditions. Figure 4. 1 illustrates the
simple model implemented for the validation.
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Figure 4. 1: scheme of the validation model for the PVT panels

Validation — Photovoltaic side:

The main information has been collected by means of the bidirectional meter which provides a
cumulative monthly value about the PV production. The simulation has been carried considering the
monthly and yearly average production of the PV panel and performing the analysis over a reference
year (2019). The dependence of PV cell efficiency on the panel temperature cannot be neglected in
hybrid applications and the adopted TRNSYS component expresses it by means of Eq. 4. 1

Ppvt =Pn [1—Y(Tc — 25)] Eg.4.1
Where

Ppvr is the effective power produced by the PVT panels
Pn represents the nominal (peak) power associated to the panel (technical information)
I is the solar radiation on the panel (measured and implemented in the validation model)
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Y accounts the temperature coefficient losses (technical information)
Tc is the cell temperature (measured and implemented in the validation model)

Solar panel - PV production validation
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Figure 4. 2: monthly photovoltaic production (measured in blue and simulated in orange). Reference year
2019 (134)

Figure 4. 2 allows the comparison between the simulated and measured monthly PV production, for
the year 2019. Since the maximum difference is not greater than 5%, the PV side can be considered
validated. Unluckily, no more specific information (e.g., on hourly basis) is available, so the
component cannot be furtherly tested.

Validation — Thermal side:

The panel temperature has been chosen as reference parameter. The measurements used to validate
the model are concerned with two days in which the remaining part of the plant was not active for
maintenance and so the same working conditions have been easily implemented in the validation
model. The two chosen days are presentative of sunny (Figure 4. 3) and cloudy weather (Figure 4. 4),
to enquire the response of the panel under different environmental conditions. The measured panel
temperature during the cloudy and sunny days has been compared with the simulated one, obtained
assigning the same weather conditions over the simulation time (24 hours).
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Figure 4. 3: reference day adopted to validate the hybrid panels during a sunny day (29/08/2019) — colour
code: orange — solar radiation [W/m?]; blue — external air temperature [°C]
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Figure 4. 4: reference day adopted to validate the hybrid panels during a cloudy day (04/11/2019) — colour
code: orange — solar radiation [W/m?]; blue — external air temperature [°C]

Figure 4. 5 resumes the results obtained: in both cases, the two lines (orange — measured values and
dotted blue — simulated values) differ of a maximum of 0.5 °C with an average difference of 0.3 °C
and the results can be therefore considered acceptable.
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Figure 4. 5: comparison between simulated (blue dotted line) and measured (orange line) panel temperature
under the same weather conditions for cloudy (a) and sunny (b) days

Water storages

Brief description:

The modelling of water storages in TRNSYS environment leads to a wide group of different
formulations, from the tanks considering stratifications, up to the ones with auxiliary heaters already
implemented in the numerical code (180), (181), (182), (183), (184), (185). The topic has already
been enquired in detail in a previous PhD thesis (136) with specific attention to the modelling of
specific subsystems of the pilot plant at Palacus in TRNSYS environment. Therefore, the present
section is meant as a brief recall about the main concepts, adopted in the following modelling.

Actually, the storages under study consist of two 500 | tanks, one interfaced with the hot side and the
other with the cold one, and two 1500 I tanks used to store the DHW. The not negligible sizes require
specific attention to stratification and therefore TRNSY'S Type 4 has been chosen. Basing on previous
studies (136), 6 nodes have been introduced inside the tanks: in fact, the tanks have a variable height
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between 1.5 m and 2 m which implies the definition of six water volumes inside about 0.25-0.30 m
thick. In this way stratification can be modelled as well, performing a mass and temperature balance
among the volumes adjacent on to the other inside the tank (Figure 4. 6). In case the flow rates were
too high, a mixing would gradually occur inside the tank, firstly involving the nodes near the bottom
and then extending to the entire storage. The component allows the definition of internal auxiliary
electrical heaters which have been removed for all the carried-out simulations.

Segment i - 1 Ti-1
y My m 4
Segment i Ti
mo m,
Segment i+ 1 Ti+1
e

Figure 4. 6: example of the volume segments composing the tank when stratification occurs (186)

Validation

The physical properties of Type 4 about thermal inertia and thermal losses were computed basing on
the geometrical dimensions and material characteristics measured onsite. As outlined in section 3.1.2
the storages are all made of steel, covered with an insulating coating; Table 4. 1 resumes the main
information implemented

Additional information - tanks

Properties A (W/mK) s (m)
Steel 80 0.002
Insulation 0.028 0.04

hint = 100 W/m?K | hest = 25 W/m?K

Component U (W/m?K) = A (m?)

Upper base 0.68 0.93

Lower base 20.00 0.93
Lateral surface 0.68 7.35

Aot = 9.21 m2, Ugiop = 2.62 W/m? K

Table 4. 1: Main characteristics and global thermal loss coefficient for the tanks of the pilot plant.
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The validation of these parameter was possible thanks to the recording of the DHW tanks during
night. Indeed, both the SAHP-PVT and the gas burners are off during this period and therefore the
cooling of the boilers takes place. The trend over time (reference time about eight hours) should
follow a decreasing exponential curve, but it is almost linear, because of the high thermal inertia of
the boilers, compared to the small length of the cooling period. Figure 4. 7 shows the validation
between measured (dotted red line) and simulated (grey line) trends, with very good agreement,
differences in temperature between simulated and measured ones lower than 0.2 °C. The same
approach has been adopted to compute the thermal loss coefficient of the 500 | tanks and therefore
validate their properties.

Validation of DHW boiler - T14, T19
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Figure 4. 7: numerical and measured trends for water in DHW1 and DHW?2 tanks during night when the
plant is off

Heat pump
Brief description:

EU Task 44 annex 38 previously discussed (T44A38) reports a comprehensive review about the
components available to simulate heat pumps (187). Another interesting review work including
chillers can be found in Jin and Spitler (188).

The models can be divided into two main groups: the former includes the standard HP where
simplified calculations are available to estimate the performance of the machine. This is the case of
“black box models” (189), (190) which are quite diffused every time extensive technical information
about the HP working is available. In particular, the performance of the HP is input by means of
COP/power consumption/delivered heat, referred to sampling points such as the hot source inlet
temperature and the required output temperature. These components are often referred to as “quasi-
steady-state” models since they can be implemented in transient simulations, without effectively
reproducing the physical working of a transient phenomenon. In conclusion, these models can be
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integrated with some dynamic effects (i.e., condenser/evaporator thermal inertia or even
frosting/defrosting), (189).

On the other hand, more sophisticated and not common HPs require a tailored modelling reproducing
the dynamics inside the system, varying the boundary conditions, even on long term periods, (188),
(191), (192), (193), (194). This is the case of HP interfaced with geothermal sources where the
interaction between the thermal needs and the ground heat source is of paramount importance to
assess the global performance of the plant. Nevertheless, such detailed models are based on the
simulation of the physical working of the HP and they are hardly employed in annual simulations,
because of the excessive computation power required to reach the solution (e.g., solving the states
and flows of the refrigerant fluid at each time step).

As regards the current simulation, the TRNSYS component chosen is Type 20. It belongs to the
“black box” models, for two main reasons: firstly, the HP implemented in the pilot plant has
exhaustive information about the measured performance maps and secondly the aim consists in
assessing the global plant performance without detailed analyses of specific components.

In addition, a control input (Yht) is available for the HP: if it is 0, then no heating is required and the
heat pump delivers no energy. If, on the other hand, Y is 1, then an internal controller determines
the heating mode:

- Direct liquid source heating: it occurs if the liquid source temperature is greater than Tan, (heating
mode = 1). The HP is switched off and the water directly flows to the tank on the condenser side.

- Heating using either the liquid (heating mode = 2) or ambient source (heating mode = 3): the
source with the highest temperature is chosen. The model also automatically switches from the
liquid to air source whenever the liquid source approaches the icing point. In conclusion, if both
source temperatures fall below the user-specified minimums, then the HP is not allowed to
operate in that (or both) mode(s) (heating mode = 4).

Furthermore, internal circulating pumps are already built in the model, with on/off functioning and
automatic control when the HP is on.

Concerning the specific case study, the air source has been inhibited independently from the
temperature, since it is not present in the pilot plant under study.
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Figure 4. 8: schematic representation of the elements and regulation systems implemented inside the HP
component (186)
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Validation

The following simplified TRNSYS model has been built to validate the working of the HP (Figure 4.

9)

T e e

Load profile Daily load TYPE20 System_Printer

Figure 4. 9: simplified TRNSYS model of the HP

The following elements can be identified:

Load profile/daily load: it represents the forcing function of the model, simulating a constant
water flow rate of 100 kg/hr, at an initial constant temperature of 5 °C flowing inside the tank.
Tank: the tank has a volume of 1 m3, leaving the same characteristics identified in the previous
paragraph about tanks (Table 4. 1). The tank was given an initial temperature of 50 °C, assumed
uniform at all nodes. In fact, the aim is to create a water flow on the cold side of the HP which
firstly is higher than the set point temperature for the bypass and then it becomes lower to test
the HP working with the liquid source.

Heat pump: the component allows the import of “.txt” files containing the HP performances (i.e.,
the useful delivered heat flow, electricity consumption, power absorbed by the evaporator)
according to different cold source temperatures. An interpolation then occurs for intermediate
values. Actually, the program cannot extrapolate the results, therefore it is necessary to
implement files with temperature ranges wide enough to exclude the need for extrapolations. For
the current modelling, the information contained in the technical data and the one reported at
Table 3. 2 were implemented for the liquid source. The file about the air source has been defined
as empty since it is not present in the pilot plant. The component requires few more information
such as the minimum temperature for direct liquid heating — set at 45 °C and the minimum source
temperature for liquid source (0 °C).

System printer: it collects all the results shown below within a “.txt” file.

The simulation has been run for a week (168 hours) with an hour time step.
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Figure 4. 10: HP heating modes (1 — bypass active; 2 — HP on using the liquid source). Colour code:

orange: outlet temperature within the tank; grey horizontal line: set point value to switch between the bypass

and the HP working; blue: heating mode

Figure 4. 10 shows that the HP starts with the bypass active since the outlet water from the tank is
higher than the established set point (45 °C). Then, as the tank temperature lowers below 45 °C, the
HP switches on, enabling the heating mode interfaced with the liquid source.

Two additional checks were performed in this model:

Correct interpolation of the HP performance from the external input file varying the operating
temperatures on the evaporator side

Respect of the First Law of Thermodynamics: remembering Eq. 2. 1, the heat flow delivered by
the condenser equals the sum of the electrical power consumed by the compressor and the heat
flow absorbed at the evaporator for each time step.

Circulating pumps

Brief description:

Two types of pumps have been identified in the pilot plant:

constant flow rate pumps: they are almost all the pumps in the plant, resumed in Table 3. 3 (except
for the first line) and Table 3. 4. TRNSYS Type 3b has been chosen since it is a very simple model
for water circulators where the only information required is about consumed power and mass
flow rate. In addition, a control signal (either 1 — on or 0 — off) allows the activation/deactivation
of the pump.

variable flow rate pump: only pump P1 shown in the first line of Table 3. 3 has variable speed.
Such component grants the water flow from the solar field up to the 500 | tank interfaced with
the cold side of the HP. TRNSY S type 110 has been chosen, since it computes the mass flow rate
using a variable control function whose value is between 0 and 1 applied to the maximum
possible water flow rate (piece of information which has to be inserted). The DAS activates pump
P1 only when the difference between outlet temperature of the solar field and the one in the solar
storage interfaced with the HP cold side is at least 2 °C (see Annex for plant outline). On the
other hand, when pump P1 is already active, the DAS switches it off when such difference lowers
1 °C. Furthermore, the speed of pump P1 is variable and depends on the temperature difference
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between the outlet and inlet of the solar field. In particular, when the difference is higher than
5 °C, the pump operates full speed, while it variates linearly for values between 5 °C and 1 °C.
More information about the position and working of pump P1 can be found in section 3.1.2.

Validation of the variable speed pump united with the control units
The automatic switch on/off and variable speed control according to different temperatures can
be implemented by means of two control units available in TRNSYS:
Type 2b: the tool is substantially an on-off differential controller by means of a function returning
either O (off) or 1 (on). Such result in computed basing on the following key input information:

o Upper limit temperature, Tx [°C]

o Lower limit temperature, T [°C]

o Upper dead band dTw [°C]

o Lower dead band dT[°C]
The working of the component can be described as follows: at a given time step, if the control
signal of the previous iteration (or the initial value in case the very first time-step) is 0, then it
becomes 1 only when TH — T overpasses the upper dead band (dTH), without paying attention
to the lower dead band. On the contrary, if the control signal of the previous iteration is 1 (on),
such value becomes 0 only when T — T becomes smaller than the lower dead band (dT.). This
means that if the control signal of the previous iteration is 1, it remains unchanged if Th— T is
smaller than the upper dead band (dTw), but still larger than the lower one (dT.) and vice-versa.
In other words, the upper dead band controls only the activation (control signal from 0 to 1) while
the lower dead band just acts on the deactivation (control signal from 1 to 0). Figure 4. 11 reports
a graphical representation of the working.

i
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— i
o= - — _-_D/_ |
ATL (TH'TL) ATH

Figure 4. 11: schematic representation of the differential controller working HP component (186)

The controller is normally used with the input control signal connected to the output control
signal, providing a hysteresis effect (Figure 4. 12, red circle). This instance of the Type2 controller
is intended for use with the standard TRNSYS SOLVER 0 (Successive Substitution), and the
result of the control function might oscillate between 0 and 1 within the same time-step when Ty
— T approaches either the upper or the lower dead band. To prevent this effect, the component
requires as an input parameter, the maximum number of oscillations allowed during a fixed time-
step before the control function stops oscillating. In absence of unstable convergences, usually 5
oscillations can be considered sufficient. The TRNSYS manual recommends choosing an odd
number, to encourage the controller to stop at a different control value with respect to the previous
time step.
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The component Type 2b has a further safety high limit cut-out which forces the value of the
control function to zero whenever the monitoring temperature (additional input parameter)
exceeds the high limit temperature. This instance can be useful to avoid high (or boiling)
temperatures inside the tank.

- Once the on-off controller has been implemented, the variable speed for pump P1 has been
modelled by means of a computing routine which implements the following piecewise function
(Eq. 4. 2):

1 ATyan > 5°C Eq. 4.2

Tpan

control = 0°C < ATpan < 5°C

0 ATyqn < 0°C
Where AT pan IS the difference between the outlet and inlet temperatures of the solar field.

During each time step, the two control signals are computed, multiplied and then assigned as border
condition to the variable speed pump (Type 110).

The following simple TRNSYS model (Figure 4. 12) verifies the working of the pump and controllers

> =

Typell0-2 System_Printer-2

DeltaTpan controlvariable

Tlow t_bottom_heatsource b

Tup toutpan

Figure 4. 12: TRNSYS model to validate the variable speed pump and the associated controllers

The two control units can be identified, united with the variable speed pump (Type 110). The red
circle indicates the hysteresis effect provided by controller Type 2b formerly described.

In addition, three forcing functions concerned with temperature have been inserted (Figure 4. 12).
They simulate respectively: the difference in temperature between outlet and inlet of the solar field,
the lower temperature (TL) in the case study associated to the temperature at the bottom of the 500 |
solar storage and the upper temperature (TH), representative of the outlet panel temperature for the
pilot plant. Figure 4. 13 shows the trends of the implemented temperatures. Please note that the values
here adopted might leak of physical resemblance, since they are just meant to test the correct working
of the model under different boundary conditions. The upper and lower dead-bands for Type 2b have
been set to 3 °C and 1 °C respectively.
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Figure 4. 13: forcing function for the temperature at the outlet of the panel (Tw — orange line), the bottom of

the 500 | solar storage interfaced with the HP (T, — grey line) and the difference in temperature between

solar field outlet and inlet water (ATpan — grey line)

The results are shown in Figure 4. 14:

From hour 0 to 1: the difference TH — Ty is equal to 1, so the control signal remains at 0.

From hour 1 to 5: the difference jumps to 5 °C and the control signal becomes 0.2. This number
is the result of the multiplication between the Type 2b control signal (which is 1 since the
temperature difference is 5 °C > upper deadband = 3 °C) and the coefficient computed by means
of Eq. 4. 2, namely 1 °C/5 °C = 0.2).

From hour 5 to 10 the temperature difference drops to 1, but nothing occurs in the control signal
since the lower dead band has not been under passed yet.

From hour 10 to 15: the temperature difference becomes even negative, leaving the control signal
at zero

From hour 15 to 20: when the temperature difference over passes the higher dead band of 3 °C,
the control signal increases up to 1, since the difference in temperature at the solar field (ATpan)
has become greater than 5 °C (at about hour 16), remaining unchanged up to hour 20).

From hour 20 to 22: Ty — T is still above 3 °C, but ATpan becomes negative, therefore the control
signal turns to zero.

From hour 22 to 24: Tw — Tv is still above 3 °C, but ATpan is 0 °C, therefore the control signal
remains null.
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Figure 4. 14: variation of the control signal (grey line, right axis plot) depending on the difference between
the upper (outlet panel temperature) and lower (temperature at the bottom of the solar tank) temperatures
(yellow line) and the difference temperature between outlet and inlet water of the solar field (blue line)

Solar assisted heat pump:

Brief description:

The components singularly tested and described previously have been then assembled into a solar
assisted heat pump. Such model can be still validated under simplified working conditions, referring
to the measurements collected during the very first system testing carried out for a couple of weeks
in April-May 2014, namely from April, 18" to May, 1%. During this testing, the SAHP was forced
working, without considering the specific SH/DHW needs of the structure. In this way only the plant
side can be validated, without still including the energy needs of the structure. The DAS collected the
information about the external weather, united with the working temperatures at different points,
reported in Figure 4. 15. A brief resume is proposed, referring to Chapter 3 and Annex for more
complete information and plant outline:

- T2:inlet solar panel temperature

- T3: outlet solar panel temperature

- T10: temperature inside the water storage between the solar field and the cold side of the HP

- T4: temperature of the water entering the tank after being cooled by the evaporator

- T5: temperature of water before entering the heat exchanger with the HP evaporator
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Figure 4. 15: layout of the SAHP plant model used in the validation a) and simplified schematic
representation b). Colour code: blue line — cold water; red line — hot water; green, dotted line — weather
connections; pink dotted line — logical/control connection

With respect to the complete plant layout, the mixing valve granting the set point temperature on the
evaporator side lower than 25 °C (Figure 3. 15 b), has been neglected to reproduce the same working

conditions of the measured information. Indeed, the implementation of the mixing valve dates back
to a couple of years ago.

Besides of the components already described (e.g., heat pump, variable speed pump, solar panels etc),
two further components can be identified:
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- The weather input tool: it reads an input file with “.dat” extension containing for instance the
information about weather (e.g., solar radiation, air temperature). This tool allows the simulation
of the same climatic conditions occurred during the system testing days, to make the comparison
of the measured and simulated parameters possible.

- Daily on/off tool: it belongs to the family of the forcing functions components. In the specific
case, the component forces the on/off variable for the HP according to the predetermined
schedules.

Validation of the SAHP:

Actually, more attention is required to such stage, since the validation of plants working under
transient regime is far more complicated than steady state ones. Indeed, the comparison of average
reference values, for instance concerned with performance (e.g., COP) might result satisfactory even
in the case of very different trends between simulated and measured working parameters. In other
words, each time a transient phenomenon has to be validated, the only use of averaged parameters is
likely to lead to inadequate validations. For this reason, a comparison with the trends of the
temperatures identified above (T2, T3, T4, T5, T10 in Figure 4. 15) is added. The conceptual approach
here illustrated follows the same criteria adopted in other similar works (160), (195), (196), (197),
(198) et Al., where numerical validations of transient phenomena were carried out.

Table 4. 2 and Figure 4. 16 resume the main results concerning the SAHP validation. In particular, the
daily average performance of the SAHP is very well approximated, with variations which do not
exceed 5-6%.

Average daily COP
Date Simulated | Measured | Error
18/04/2014 4,58 4.32 6%
19/04/2014 4.09 4.12 -1%
20/04/2014 4.27 4.30 -1%
21/04/2014 4.16 4.39 -5%
22/04/2014 4.47 4.26 5%
23/04/2014 4.65 4.44 5%
24/04/2014 4.65 4.44 5%
25/04/2014 4.49 4.32 4%
26/04/2014 4.66 4.46 4%
27/04/2014 4.25 4.40 -3%
28/04/2014 4.14 4.28 -3%
29/04/2014 4.47 4.28 5%
30/04/2014 417 4.16 0%
01/05/2014 4.63 4.38 6%

Table 4. 2: simulated and measured average daily COP during the initial testing of the facility (from 2014,
April, 18" to May, 1%)

In addition, the trend of the temperatures formerly illustrated shows a good level of accuracy of the
simulated results, against the simulated ones.
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T4 - temperature back from the evaporator
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Figure 4. 16: Validation of T2 (a), T3 (b), T4 (c), T5 (d) and T10 (e), as previously illustrated in Figure 4. 15

Clearly, some variations can be noticed between the numerical and real data (Figure 4. 16) which in
turn determine the fluctuations in the SAHP COP (Table 4. 2). Some main reasons can be found:
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Missing weather data: at the time of the SAHP initial test, the weather station was not fully
operative, therefore information about air humidity and wind speed was missing.

Model simplification: as illustrated in the previous chapters, the numerical model adopted for the
validation bases on simplifying assumptions, such as the neglection of the thermal losses of the
connection pipes between the solar field and the heat pump (about 200 m long). This topic shall
be enquired in the following section, about the optimization simulations.

Position of sensor T10: the temperature sensor of the solar tank (namely the water tank
connecting the solar field to the cold side of the heat pump) is located at about % of the total
height, at the same level of the outlet water sent to the HP cold side. In addition, the water coming
from the solar field enters the top of the tank, very next to the sensor (Figure 4. 17). As a
consequence, such geometrical configuration and any eventual mixing can be hardly modelled
by means of simplified components. In addition, when both the solar and HP cold side circuits
are active, the sensor is more likely to measure the temperature of water directly flowing from
the solar circuit to the HP instead of a temperature representative of the entire tank.

g

4 ". agt’| From the solar field

To the heat pump

(evaporator) Qualitative position

for T10 sensor (on the
other side of the tank,
not visible)

i

j
i

5 §

From the heat pump
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Figure 4. 17: solar tank, qualitative position of the inlet/outlet circuits and of sensor T10

T10 then influences the other temperatures as well, such as the temperature of the water
entering the heat exchanger with the HP evaporator (T5) and in turn the working temperature
of the HP cold side, leading to the variations in COP reported in Table 4. 2. Temperature T3
(outlet from the solar field) shows a better resemblance with the measured values since it is
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less influenced by T10. Anyway, the trends are in good accordance with the measured
temperatures and the fluctuations of the COPs are acceptable, so the model can be considered
validated.

Space heating subsystem

Brief description:

Figure 4. 18 shows the part of the numerical model reproducing the SH subsystem.
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Figure 4. 18: layout of the SH subsystem numerical model a) and simplified schematic representation b).
Colour code: blue line — cold water; red line — hot water; green, dotted line — weather connections; pink
dotted line — logical/control connection
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Air heaters
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in the model) Radiator circuit

From the gas
burner/SAHP

Figure 4. 19: detail of Figure 4. 18, outlet collector of the SH subsystem
In particular, the return water of the radiator circuit is pre-heated by means of a heat exchanger
interfaced with the SAHP supply. Then, the mixing valve V6 grants the set point temperature T18 by
sending part of the water towards the 320 kW integration gas burner (if necessary) and recirculating
the remaining part. The value of T18 is not constant, but it is automatically updated by the DAS
depending on the external temperature according to the following linear correlation (Figure 4. 20):

Set point values for T,

T, =-0.67*T, ., o + 56.7 °C

mb_ext

-5 0 5 10 15

Ta mb_ext

Figure 4. 20: linear criterion for automatic evaluation of the Tig set point value as a function of the external
ambient temperature (Tamb_ext)

Usually, the external temperature in Genoa is very likely to be higher or equal to 10 °C, during most
of the heating season. Considering the yearly plot of the external temperature averaged over the
recorded years by (Figure 4. 21), a temperature of 10 °C is likely to be overpassed in 90% of the times,
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implying that the set point temperature for the radiators will be in most of cases closer to the lower
limit of 50 °C than the upper one (60 °C).

Hourly external air temperature over a reference
40 year

0 2000 4000 6000 8000 10000
Hours

Figure 4. 21: hourly temperature for external air for a reference year obtained averaging the hourly values
recorded over different years for the location of Genoa

Concerning the TRNSY'S modelling, the following components have been implemented:

- heat exchanger (Type 5): such element reproduces the existing counter flow 50 kW exchanger
which hydraulically separates the SH and SAHP circuits (Figure 4. 22). The model is based on
the mathematical formulation proposed by Kays, London et al (199).

n . m
my,. Thl i Tco
i

—

Hot Side QT Cold Side
—_—

my. T m, ., Tgj

Figure 4. 22: schematic representation of the heat exchanger component (186)

The outlet temperatures and mass flow rates on both cold and hot sides are computed once the
inlet mass flow rates and temperatures on both sides are known. The component also requires the
overall heat transfer coefficient and the specific heats of the fluids flowing inside the element.
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auxiliary heater (Type 6): it provides additional heat whenever the inlet water is at a temperature
lower than the set point value. Such component modulates the heat flow from zero up to the
nominal (maximum) heat flow multiplied by the generator efficiency. If the set point
temperatures required a heat flow higher than the maximum possible, the auxiliary heater would
provide all possible heat, without being able to reach the set point. The component can compute
the thermal losses associated to generation by inserting the overall loss coefficient and the
temperature of the ambient where the generator is located.

automatic mixing valve (Type 11): the working of the mixing valve is modelled in TRNSYS
environment with two elements:

o a flow diverter with one inlet, proportionally split into two possible outlets (namely one
sent towards the SH integration burner and the other directly connected to the mixing
valve), depending on the required set point temperature (T18) and on the inlet water
temperature and flow rate (Type 11, mode 4 — tempering valve).

o A tee piece which just mixes two different inlet streams of the same fluid at different
temperature (Type 11, mode 1 — tee piece).

Calculator: it reproduces the regulation criterion described to choose the set point value of T18
(Figure 4. 20), depending on the measured external temperature (imported by means of Type 14,
previously described).

Calculator of the return temperature: it simulates the temperature and flow rate of the return water
inside the radiator circuit. A variable difference between 2 and 3 °C is subtracted to the supply
temperature to simulate the temperature of the return water of the radiator circuit, following the
same principle illustrated for the set point value of T18. Indeed, as illustrated in the section
concerned with the SH needs (section 3.2.2), the radiators only heat the lockers which are
associated to a thermal load not relevantly influenced by the different months of the heating
season. Such assumption is supported by two aspects: firstly, the recorded trends of the supply
and return water temperature of the radiator circuit show very little variations during the heating
season. Secondly, the lockers are in touch either with heated (e.g., sports hall) or unheated
environments (e.g., crawlspace), without being directly exposed to the solar radiation and the
external environment.

Values for T g- Ty

= 2
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Figure 4. 23: simulated difference between supply (T1s) and return (T1s) water temperature of the radiator
circuit according to the external air temperature (Tamb ext)
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Validation of the SH subsystem:

The validation reported aims to check the correct response of the SH subsystem, referring to the
measured available data. The TRNSYS model shown in Figure 4. 18 a) has been used, substituting the
computation tool for the return temperature with the import tool, to apply the measured return
temperature as boundary condition. The same approach has been followed to simulate the inlet/outlet
temperatures and flow rates on the hot side of the heat exchanger with the SAHP.

On the other hand, the temperature of the supply water has been used to validate the SH subsystem.
The same convergence parameters of the previous models have been adopted while a 5 minute time-
step has been chosen.

The validation has been carried out for different days along the heating season, showing only the most
significant ones in the present work:

- January 31%, 2019: it represents one of the coldest days, when the measured supply temperature
T18 almost reached 60 °C late in the afternoon. Two main issues make this trend uncommon
among the recorded ones: firstly, the high supply temperature and secondly the steep increase,
late in the afternoon, probably due to a rapid decrease of air temperature. Anyway, the simulated
and measured temperatures are in good agreement, with maximum differences of about 1-1.3 °C
(Figure 4. 24).

Supply temperature T,4 of the radiator circuit, January, 315 2019

65

60
&
‘0 55
2
S Measured
£ —Simulated
2

45

. |

00:00:00 04:48:00 09:36:00 14:24:00 19:12:00 00:00:00 04:48:00

Time [hh:mm:ss]

Figure 4. 24: Supply temperature for the radiator circuit on January 31%, 2019

- March 15™, 2019: it is associated to one of the most recurrent situations, where the supply
temperature is at 50 °C. Good accuracy is shown, with differences between simulated and
measured values lower than 1 °C (Figure 4. 27).
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Supply temperature T, of the radiator circuit, March 15%, 2019
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Figure 4. 25: Supply temperature for the radiator circuit on March 15", 2019

- December 5", 2019: the set point temperature is at about 52-53 °C and it is representative of a
not frequent cold day in Genoa. Also in this case, no relevant oscillations in the measured trend

are appreciated. The difference between measured and simulated values is lower than 1 °C,
(Figure 4. 26).
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Figure 4. 26: Supply temperature for the radiator circuit on March 15", 2019

Domestic hot water subsystem

Brief description:

Figure 4. 27 shows the part of the numerical model reproducing the DHW subsystem and a layout to

allow a comparison between real plant and simulated model. Figure 4. 27 a) can be furtherly split into
two groups:
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- Circuit of technical hot water used to maintain the set point values (green rectangle, upper part
of Figure 4. 27 a) and Figure 4. 29):
starting from the heat exchanger interfaced with the SAHP circuit, the technical hot water is then
heated by the integration gas burner, in case the temperature of the outlet water from the heat
exchanger is lower than the set point value. Otherwise, the burner remains in stand-by condition.
Finally, the hot water is used to heat up the DHW tanks. The activation of the pumps inside the
system follows two specific regulation criteria managed by the DAS: the former switches the
pumps on, when temperature T14 (sensor in the lower tank of the DHW tank) lowers a set point
value (actually set at 52 °C, to fight the bacteria of Legionella). The latter manages the priority
between SH and DHW subsystems establishing that the diverter valve V5 must send the hot water
coming from the SAHP circuit to the DHW heat exchanger, instead of the SH one, if T14 lowers
the DHW supply set temperature (48 °C). This last regulation creates a hierarchic working where
the SAHP preferably provides heat to the DHW subsystem instead of the SH one.

- Circuit of DHW (yellow rectangle, lower part of Figure 4. 27 a) and Figure 4. 28): the cold water-
supply is divided into two flows, according to the mixing valve V8 which maintains the DHW
supply temperature at the fixed set point. So, part of the water flows inside the DHW tank from
the bottom, while the rest of the cold water is mixed with the recirculation circuit (pump P9) and
then sent to the mixing valve.

The adopted components have already been described for the SH and SAHP subsystems, so no further
comment is necessary.
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Figure 4. 27: layout of the DHW subsystem numerical model a) and simplified schematic representation b).
Colour code: blue line — cold water; red line — hot water; green, dotted line — weather connections; pink
dotted line — logical/control connection
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Figure 4. 28: detail of the DHW circuit (yellow rectangle in Figure 4. 27)
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Heat exchanger
with the SAHP

Integration DHW

‘ burner

Figure 4. 29: detail of the technical hot water to produce DHW (green rectangle in Figure 4. 27)

Comparing the model to the real plant layout (reported as Annex or schematized in Figure 3. 19), two
DHW tanks of 1500 | capacity each are installed inside the boiler room. This choice instead of a
unique boiler was due to the sizes of the room which were not compatible with the dimensions of
3000 I boiler. Nevertheless, the pipes connect the top of the first DHW tank (named DHW1) to the
bottom of the second one (named DHW2), making them work as if they were stacked one on the
other (Figure 4. 30). In fact, DHW 1 has been conceived as colder tank (about 50-52 °C), where the
cold water from the supply enters and it is heated by means of the SAHP/integration burner. DHW2
is a tank at a higher temperature (about 54-56 °C) from which the hot water is sent to the users by
means of the mixing valve. In addition, a small internal recirculation pump (P10) connects the top of
DHW2 with the upper part of DHW1 to avoid DHW!1 reaching an internal temperature higher than
DHW?2. Indeed, the heating of DHW?2 would take place only when a water draw occurs and the
assumption of stacked tanks would not be valid from the thermal point of view without P10. Such
topic was enquired in detail in a specific PhD work (136) on the same pilot plant to which we refer
for additional information and simulations. Consequently, a unique tank of total volume has been
implemented in the model.
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Figure 4. 30: comparison between DHW layout and assumption of the DHW boilers. Colour code: blue line
— cold water; red line — hot water.

Validation of the DHW subsystem:

The validation has been carried out considering three main control variables:

- Temperature T16 representing the inlet flow of hot technical water heating the DHW tanks, to
verify the correct working of the elements within the green rectangle in Figure 4. 27 a).

- Temperatures T14 and T19 inside the DHW tanks, to validate the water consumption profile
described in section 3.2.2 and correctly simulate the heating of the DHW by means of the
SAHP/integration burner. As shown in Figure 4. 30 the sensors are installed in the lower part of
each tank. In order to make the results of the simulation comparable to the measured data, two
specific nodes, at the same height of the existing ones were considered. Since the two existing
DHW tanks were united into one with double volume (and double height), the height of the node
reproducing T19 accounts also for the total height of the first boiler as reported in Figure 4. 30 on
the right.

Besides of the forcing function reproducing the water supply, the numerical model presented in Figure
4. 27 a) has been validated reading the measured inlet/outlet temperatures and flow rates on the hot
side of the heat exchanger with the SAHP. In this way, the SAHP circuit can be considered as a part
of the boundary conditions and a specific focus can be paid to performances of the DHW subsystem.
The validation has been run considering different, specific days and comparing the trends of the
control variables identified before. Figure 4. 31 and Figure 4. 32 show for every control parameter the
comparison between simulated and measured values. Checks on different days in other moments of
the year were omitted, since T16 shows very little variation and T14/T19 cannot be validated with a
high level of precision, because they do depend on the specific daily load occurred and the forcing
function simulating the withdrawals in standardised. The aim of the comparison of temperatures T14
and T19 is to test the accuracy in reproducing the same shape of the curve which recurs in a very
similar pattern all year long.
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Temperature T16, January 10th, 2019
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Figure 4. 31: simulated (blue line) and measured (orange line) trends for T16 — temperature of the hot
technical water entering the DHW tank

The two curves plotted in Figure 4. 31 show good agreement, in terms of both shape and values, with
a maximum difference of 1.2 °C.

Also, the shapes of curves of the temperatures T14 and T19 inside the DHW tanks still reproduce a
very similar shape to the measured ones (Figure 4. 32 a) and b)). Firstly, the oscillating trend
represented by alternating withdrawal and heat up; secondly, the most marked fluctuation of
simulated T14 since it is closer to the cold flow inlet from the water supply, as highlighted by the
measurements. In addition, the oscillation between measurements and simulation reaches up to
2/2.5 °C of difference because of the adoption of a standard DHW consumption profile. The
maximum error committed is of about 5% and therefore the standard hourly usage profile introduced
in 3.2.1 can be considered validated for the specific case study.
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Temperature T19 DHW tank, January 10, 2019
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Figure 4. 32: simulated (blue line) and measured (orange line) trends for T14 a) and T19 b)
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Solar Assisted Heat Pump Integrated with Solar Panels — SAHP - PVT

This section presents the model layout, obtained by means of the union of the different subsystems
validated before. The connection pipes between the solar field and the boiler room have been inserted
by means of TRNSY'S Type 31. This element simulates the behaviour of a fluid flowing inside a pipe,
with specific attention to the thermal losses. As concerns the simulations reported in this section, the
global thermal loss of the pipes will be set equal to zero, to reproduce the design assumption of
negligible thermal losses. Then, in the next chapter such assumption shall be removed and the
difference between the two case studies will be compared. The other pipes have been neglected, since
their path is within either the boiler room or the heatad violuma
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Figure 4. 33: complete overview of the plant layout modelled in TRNSYS environment. Please refer to the
subsystems illustrated before for a better insight into the plant as a whole. Colour code: dotted pink line
— control/logical connection; red line — hot water pipes; blue line — cold water pipes; dotted green line —

weather connection
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Table 4. 3 reports the comparison between the design values (already presented in Table 3. 5) and the
results of the numerical validation carried out by means of the TRNSYS numerical model (Figure 4.
33):

Primary energy Electrical . . . .
need (SH SAHP-PVT | consumption t;ztﬁ]gerf:“ga mgﬁ?:g??n oro dlljc\;{ion
radiators + kWh SAHP-PVT -
DHW) [KWh] [ ] [KWh] [kWh] DHW [kWh] [kWh]
Sim Des Sim Des | Sim | Des | Sim Des | Sim Des | Sim Des

12118 | 11870 | 3202 | 3108 | 821 | 863 | 7414 | 7873 | 1502 | 889 | 1577 | 1029

10281 | 10721 | 3322 | 3476 | 856 | 964 | 5861 | 6000 | 1098 | 1245 | 1583 | 1405

10965 | 11240 | 5107 | 5210 | 1131 | 762 | 4735 | 4141 | 1123 | 1889 | 2580 | 2328

6178 5744 | 3229 | 3147 | 561 | 427 | 1456 | 2003 | 1493 | 593 | 2339 | 2298

3174 | 2968 1169 | 1626 | 132 | 221 2005 | 1342 | 2598 | 2877

2950 2872 1266 | 1574 | 137 | 213 1684 | 1298 | 2590 | 2359

2845 2968 1697 | 1574 | 168 | 583 1148 | 1394 | 2970 | 2683

3032 2968 1524 | 1626 | 157 | 221 1508 | 1342 | 2656 | 2901

3059 2872 1116 | 1574 | 124 | 213 1943 | 1298 | 2290 | 2134

(e} o] ol No) N o] N
O|lOo|O|O|O|O

3329 2968 540 | 1205 | 849 | 211 2789 | 1763 | 1589 | 1547

8827 | 9987 | 3418 | 3889 | 851 | 1080 | 4464 | 4910 | 946 | 1188 | 1442 | 1082

OlZ|0[n|>|c|«Z|>|Z|N|w

11359 | 11870 | 3141 | 3235 | 748 | 898 | 6870 | 7685 | 1348 | 950 | 1392 | 967

Total

| 78118 | 79048 | 28731 | 31244 | 5771 | 6656 | 30800 | 32612 | 18587 | 15191 | 25606 | 23610

Table 4. 3: comparison between simulated (Sim) and design (Des) monthly performances

Some observations can be drawn:

- Primary energy need: the yearly performance differs for less than 1% with a very good agreement
between design and numerical simulation as also shown in Figure 4. 34. The differences between the
monthly values are mainly due to the different contributions of the SAHP-PVT and the integration
gas burners as better outlined as follows. Concerning the months with only DHW need, the variation
in the required primary energy is caused by two main aspects: the thermal losses of the 3000 | tank
towards the environment (boiler room) and the different contribution of the integration gas burner
which determines a higher required primary energy due to a lower generation efficiency (about
0.8/0.85).

- SAHP-PVT: the energy provided by the SAHP-PVT in the simulations is about 8% lower than the
design value. In particular, the largest variations occur during the months out of the heating season
(Figure 4. 35), when the bypass is on and the HP is not active. In fact, the values reported in the
simulation columns when the bypass is active are computed basing only on the energy effectively
delivered by the solar thermal field. Therefore, the distribution of the DHW need over the reference
day does influence the actual productivity of the solar bypass. Such aspect could not be noticed in the
design calculations since the normative approach does not account for any eventual time shift between
solar availability and energy need. Considering the global yearly performance, the total energy
delivered by the SAHP-PVT of 28.731 kWh against a total electrical consumption of 5771 kWh leads
to a yearly COP of about 5. Given that the yearly COP basing on the design information was of about
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4.7 (section 3.1.5), the transient simulation has led to a better approximation of the coefficient (7%

increase).
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Figure 4. 34: Monthly primary energy need, simulated (blue) and design (orange) values
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Figure 4. 35: Monthly thermal energy delivered by the SAHP-PVT (including the solar bypass), simulated

(blue) and design (orange) values
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Energy provided by the integration burners

100001 sAHP-PVT SAHP-PVT
=
< 9000
=
(%]
o 8000
c B Simulated
3
.g 7000 M Design
e
w© 6000
o
£ 000 Solar bypass
Q
S 4000
>
e
$ 3000
i
>
© 2000
o
>
2 i . ' . i
Q
c
L

0

Jan Feb Mar Apr May Jun Sep Oct Nov Dec

Figure 4. 36: Monthly thermal energy delivered by the integration gas burners (both SH and DHW),
simulated (blue) and design (orange) values

- Electrical consumption: the difference of about 13% is associated to two main reasons: firstly, the

design assumed a fixed COP during the heating season of 3.6 (simplification on the safe side) while
the real performances of the installed HP have been implemented in the TRNSYS model (variable
HP-COP during the heating season, between 3.6 and 3.9). Secondly, the electrical consumption out
of the heating season is mainly due to the circulation pumps of the bypass. According to the carried-
out simulations, their activation period (and consumption) is shorter because of the time shift between
DHW need and solar availability. This issue has been already discussed in the previous point about
the primary energy need.

- Integration gas burners (DHW+SH): the simulated results are in good accordance with the design
ones. Concerning the DHW, the increase (about 15%) is due to the major contribution required to the
integration burner caused by the occurrence of relevant DHW withdrawals in the evening as well.
The distinction between the DHW and SH gas burners also validates the working of valve V5, which
preferably sends the hot water produced by means of the SAHP-PVT to the DHW and then to the SH
subsystem.

- PV production: an increase of about 8% can be appreciated and it is linked to the variation of the
input weather information. In fact, the previous validations were run considering the same, recorded
weather conditions in order to make the simulated results comparable to the measured ones. The
design values reported in Table 4. 3 have been obtained by means of standard, simplified weather
information according to the installation site. On the other hand, the weather simulator in TRNSY'S
bases on the historical time series of irradiation, temperature, humidity, precipitation and wind, even
extrapolating to get values of extreme. As a consequence, a slight variation from the design values is
to be expected. For any further and more specific validation of the PV panels, please refence to Figure
4. 2 and the related paragraph.
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5. Optimization simulations to the SAHP-PVT pilot plant at Palacus and

possible interventions
The present chapter will deal with the optimisation simulations carried out by means of the validated
model, evaluating the best interventions to increase the plant efficiency. The following table resumes
both the investigated elements and the criteria which led to their choice for the optimisation analyses:

Criteria Chosen elements for efficiency simulations

Improve the plant efficiency, firstly acting on
inadequate elements

Insulation of the connection pipes between the
HP and the solar field

Increase the contribution of the renewable part
of the plant, reducing the intervention of the gas
burners as much as possible.

Changes in the regulation criteria to exploit the
SAHP during Autumn and Spring

Maximise the on-site exploitation of the PVT
field, independently from the current policies

Strategies to increase the self-consumption of
the photovoltaic production

Estimate the SAHP potentials according to the

Performances of the SAHP-PVT at different

installation site locations
Table 5. 1: adopted criteria and chosen elements for efficiency simulation.

The first three points are more concerned with the specific plant outline, while the last one aims at a
more general focus to help the diffusion of the technology over the territory.

In addition, the simulated interventions mainly involve different elements of the solar field (i.e.,
connection pipes and solar panels) since their revamping is under study, due to some leakages and
general aging occurred in the past years.

The simulated interventions influence the optimisation process allowing a preliminary evaluation of
the benefits, not only related to the substitution of the components, but also to different regulation
criteria. For the first three proposed case studies, a brief cost-benefit analysis supports the technical
results.

The carried-out results were performed both to study the plant efficiency from an academic point of
view and to provide the technical committee in charge with the most effective actions for the plant
revamping design.

5.1 Influence of the thermal losses due to the pipes connecting the solar field to the boiler
room

The model in Figure 4. 33 has been run over the reference year, adding the thermal losses of the
connection pipes between the solar field and the HP/boiler room. The main results are resumed in
Table 5. 2. For the following chapter, the case of highly insulated pipes shall be referred to “no pipes”
or “insulated pipes”. In fact, the case limit of a very high level of insulation is an adiabatic element/
an element with negligible thermal losses. On the other hand, the term “pipes” or “not insulated pipes”
will refer to the current plant layout where the connection pipes are not insulated.
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Primary energy Electricgl integration integration
ne(_ed (SH SAHP-PVT consumption burner — SH burner —
radiators + [kWh] SAHP-PVT [KWh] DHW [KWh]
DHW) [kWh] [kWh]
'.\IO Pipes '.\IO Pipes '.\IO Pipes I.\IO Pipes '.\IO Pipes
pipes pipes pipes pipes pipes
J | 12118 | 11987 | 3202 | 3398 821 842 7414 | 7134 | 1502 | 1455
F | 10281 | 10192 | 3322 | 3458 856 823 5861 | 5667 | 1098 | 1067
M | 10965 | 11093 | 5107 4924 1131 1102 4735 | 4996 1123 1173
A | 6178 | 6500 | 3229 | 2950 561 532 1456 | 1855 | 1493 | 1695
M | 3174 | 3393 | 1169 657 132 137 0 0 2005 | 2736
J | 2950 | 3086 | 1266 948 137 140 0 0 1684 | 2138
J | 2845 | 3018 | 1697 1294 168 151 0 0 1148 | 1724
A | 3032 | 3312 | 1524 871 157 154 0 0 1508 | 2441
S | 3059 | 3181 | 1116 831 124 124 0 0 1943 | 2350
O | 3329 | 3421 540 325 85 99 0 0 2789 | 3096
N | 8828 | 8594 | 3418 | 3764 851 931 4464 | 3970 946 860
D | 11359 | 11320 | 3141 | 3200 748 767 6870 | 6786 | 1348 | 1334
Total
| 78118 | 79097 | 28731 | 26620 | 5771 | 5802 | 30800 | 30408 | 18587 | 22069

Table 5. 2: comparison of monthly performances with/without the connection pipes between the solar field
and the boiler room

The contribution of the pipes plays both a negative and a positive role on the yearly plant
performance:

- during the heating season, the energy delivered by the SAHP-PVT increases, since a little amount
of thermal energy is collected by the pipes from the surrounding external environment (air+ground),
which acting as an additional heat source. This in turn determines a higher temperature on the
evaporator side with better performances (Figure 5. 1). Such improvement is more relevant in the
coldest months when the water inside the circuit is more likely to be colder than the outside. Anyway,
this improvement is not relevant, since the sum of the delivered thermal energy of the SAHP-PVT
during only the heating season (January, February, March, part of April, November and December)
increases of about 2% with respect to the case with insulated pipes.

- out of the heating season and especially during summer, the solar panels work with a high set point
temperature (about 45 °C), since the bypass is active. This implies a higher difference in temperature
between the water inside the pipes and the external, with not negligible thermal losses. Indeed, when
the bypass is active, the monthly delivered thermal energy is about 60% of the one obtained assuming
negligible thermal losses as shown in Figure 5. 1.
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Energy provided by the SAHP-PVT
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Figure 5. 1: comparison of the monthly thermal energy delivered by the SAHP in the case of insulated
connection pipes (blue, negligible thermal losses) and not insulated (orange)

Energy provided by the SAHP-PVT [kWh]

o

With respect to the yearly balance, the absence of insulation in the connection pipes causes a reduction
of about 10% of the thermal energy produced by the SAHP-PVT (26.620 kWh against 28.731 kwh).
Indeed, the total value of 28.731 kWh represents a limit case, obtained neglecting the connection
pipes (i.e., considering the pipes as adiabatic). This variation determines an increase in the primary
energy as well, since the integration gas burners have to provide about 2000 kWh of additional useful
thermal energy, with a lower generation efficiency.

This means that the assumption of negligible thermal losses can be considered acceptable only during

the heating season when the effect of insulation determines a variation of only 2% in the SAHP
production.

On the other hand, every time the solar bypass is activated, the thermal losses become relevant,
leading to an overestimation of the monthly produced thermal energy of about 60%.

On the photovoltaic side, the presence of insulation increases the working temperatures of the panels,
with a decrease in the generation efficiency, as shown in Table 5. 3 and Figure 5. 2.
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PV production [KWh]

Month insulated pipes not insulated pipes
January 1577 1626
February 1583 1611

March 2580 2567
April 2339 2581
May 2598 2718
June 2590 2691
July 2970 3071

August 2656 2755

September 2290 2383
October 1589 1678
November 1442 1549
December 1392 1431
Total 25606 26661

Table 5. 3: monthly electric production of the hybrid field with/without pipes insulation

Monthly PV production
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M Insulated pipes M Not insulated pipes

Figure 5. 2: comparison of the monthly PV production with insulated and not insulated pipes
The absence of insulation increases the annual production of about 1055 kWh (4%): the added
thermal losses along the pipes contribute to maintain a lower working temperature at the panel with
a benefit on the generation efficiency. This effect can be noticed all year long, especially during the
ones out of the heating season, when the working temperature is likely to be higher.

From the economic point of view the following conclusions can be drawn

- Thermal side: the insulation of pipes can lead to an increase of about 2000 kWh+/year by means
of the SAHP-PVT. To estimate the correspondent saving, if the integration gas burner (efficiency
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of about 0.8) had to provide the same energy, it would roughly require 2500 kWh, with a cost of
625 € (assumed unitary price of 0.25 €/kWhr).

- PV side: the insulation increases the working temperature of the hybrid panels with a consequent
reduction of their efficiency. The decrease is estimated in about 1055 kWhe/year. Assuming a
unitary price of 0.5 €/kWheg, this would mean the loss of about 530 €, under the assumption of
almost total self-consumption of the photovoltaic production.

So, the insulation of the connection pipes presents a cost-effectiveness which is variable according to
the percentage of on-site consumption of the produced electricity.

Concerning the case study under analysis and the issue of the efficient management of a PV/PVT
solar field (please, see section 3.3.4 for an introduction on the topic and section 5.3 for a detailed
analysis on the topic), the actual plant layout and electrical consumption profile is not likely to truly
benefit of the increased PV production, so the insulation of the connection pipes has been
recommended to the Technical Committee in charge of the plant revamping as well.

In addition, the cost of the intervention should mainly depend only on the insulating materials, since
the pipes run either in open air or in a crawlspace so no additional costs for excavations are to be
expected. This intervention is still under design, so the next simulations will be referred to the actual
state of the plant with not insulated pipes.

5.2 Changes in the regulation criteria to best exploit the SAHP-PVT
The results reported in Figure 5. 1 allow a further study about the regulation criteria to best exploit the
SAHP-PVT without any change into the plant layout.

Table 5. 4 reports the percentual coverage of the primary need by means of SAHP-PVT (including
bypass) for the different months considering both insulated and not insulated pipes. Such results are
referred to the current regulation criteria which force the switch off of the HP and the activation of
the solar bypass as the heating season ends.

During the heating season, the SAHP covers about 30% of the total monthly need, while out of the
heating season, the percentage varies from 30% up to 50% during the middle of summer.

Anyway, the contribution of the solar bypass is very low in October (about 10-15%). During April,
the coverage (52%) seems comparable with the one of March (47%); actually, if the monthly value
is split into the contributions of the SAHP (2695 kWh) and the bypass (534 kWh), it is clear that
about 80% of the production during April is reached within the very first 15 days, when the HP is
still on. Such estimation increases up to the 90% if the absence of pipes insulation is accounted. More
in general, the monthly production associated to the solar bypass is about half of the thermal energy
delivered by the solar assisted heat pump.
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Primary energy need o
(SH radiators + DHW) | SAHP-PVT [kwh] | ¢ total need covered by
[KWh] means of SAHP/bypass
Insulated . ek Insulated | . e Insulated Not insulated
ines insulated ines insulated ines ines
pIp pipes pIp pipes pIp pIp
January 12118 12028 3202 3398 26% 28%
February 10281 10192 3322 3458 32% 34%
March 10965 10320 5107 4924 47% 48%
April, 1-15 5178 5700 2695 2719 50, 50,
April, 15-30 534 231 ° 0
May 3174 3140 1169 657 37% 21%
June 2950 2907 1266 948 43% 33%
July 2845 2991 1697 1294 60% 43%
August 3032 3140 1524 871 50% 28%
September 3059 2954 1116 831 36% 28%
October 3329 3118 540 325 16% 10%
November 8828 8895 3418 3764 39% 42%
December 11359 11082 3141 3200 28% 29%

Table 5. 4: primary energy need, energy provided by the SAHP-PVT and the percentual coverage in the case
of insulated and not insulated pipes

As illustrated before, this issue is due to the occurrence of relevant DHW withdrawals when there is
not enough solar radiation to produce DHW. In addition, the solar radiation available during the day
in October or April is low if compared to months such as June or July.

As a consequence, the validated numerical model has been used to enquire the benefits deriving from
the activation of the SAHP even out of the heating season.

Table 5. 5 highlights that the switch on of the HP is convenient only in October and April: indeed,
during these months, the temperature within the tank between the solar field and the HP remains
below 25 °C, granting the optimal working range of the HP without the activation of the solar bypass.
During the other months, the simulated values fluctuate around the ones reached by means of the
bypass from May to September, because of the high temperature in the solar circuit, which is very
likely to enable the solar bypass, making the HP work occasionally. Besides of the missing increase
in the produced thermal energy, the HP is subjected to almost continuous on/off during these months,
which results unacceptable from an operational point of view. In fact, the chances of a block or failure
in the machine become higher as the result of continuous stich on and off.

In conclusion, the activation of the HP even out of the heating season results highly recommendable
only in October and April, representing the months in which the still low temperature and low solar
radiance make the use of the solar bypass not convenient. For what concerns the other months out of
the heating season, the solar bypass should be enabled as default, since the HP is very likely to be
switched off due to the high temperatures within the boiler between the solar field and the HP.
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Bypass on [kWh] SAHP on [kWh]
Months InSl_JIated Not ir_lsulated InSL_JIated Not ir_lsulated

pipes pipes pipes pipes

April, 15t-30t 534 231 2389 1658
May 1169 657 1222 684
June 1266 948 1241 894
July 1697 1294 1714 1200
August 1524 871 1463 851
September 1116 831 1161 789
October 540 325 3199 2899
Total 7846 5157 12389 8975

Table 5. 5: comparison of the solar bypass with the SAHP from April up to October

The simulations have been run considering both insulated and not insulated pipes, as shown in Table
5.5:

- with reference to the case with the solar bypass on, the insulation can increase up to 45% the
delivered thermal energy (i.e., during August), since the operating temperature of about 40-50 °C
increases the thermal losses

- when considering the case of SAHP on, the improvement associated to insulated pipes is of 35%
for two reasons: during October and April, the HP is on, so the thermal losses are likely to be reduced
because of the lower difference in temperature between the water inside the circuit and the external
air. Secondly, the insulation determines a faster heating of the solar tank from May up to September,
anticipating the activation of the solar bypass, even reducing the activation period of the HP.

Table 5. 6 concerns the cost estimation using the SAHP instead of the solar bypass. The first two
columns show the additional thermal energy produced by means of the SAHP assuming insulated and
not insulated pipes (taken from Table 5. 5). Then columns 3 and 4 report the electrical consumption
of the SAHP while n. 5 and 6 the correspondent estimation assuming a unitary price of 0.5 €/kWhe.

Additional thermal Cost [€] — assumed
energy provided by the Electricity consumed [kKWh] unitary price
SAHP (values shown in 0.5 €/kWh
Table 5. 5) [KWh] '
Column 1 2 3 4 5 6
Insulated Insulated Insulated Not insulated Insulated Insulated
pipes pipes pipes pipes pipes pipes
) 2389-
April 1658-231 =
’ 534 = 461 342 231 171
th_2nth
15%-30 1855 1427
3199-40 | 2899-325 =
October — 9659 2574 668 630 334 315
Total 4514 4001 5667 5106 565 486

Table 5. 6: estimation of the achievable savings — case of SAHP + burner on
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On the other hand, Table 5. 7 shows the cost estimation considering the solar bypass on. In this case,
the gas burners have to cover the additional thermal energy which is no longer produced by the SAHP.
The values in columns a and b are linked to the columns 1 and 2 assuming a gas burner generation
efficiency of about 0.8. Columns c and d approximate the cost assuming a unitary price of 0.2 €/kWhr.

Thermal energy no
more provided by the : Cost [€] — assumed
SAHP (values shown in Energgurrer(]]eurlsre[zgvt\(l)ht]he gas unitary price
Table 5. 5and 5.5) 0.2 € kWh
[kKWh]
Column 1 2 a b c d
Insulated Insulated Insulated Not insulated Insulated Insulated
pipes pipes pipes pipes pipes pipes
) 2389- _
1@,?_%'(')'th 534= | 102 | o310 1790 462 358
1855
3199-40 | 2899-325 =
October — 5659 2574 3357 3315 671 663
Total 4514 4001 5667 5105 1133 1021

Table 5. 7: estimation of the achievable savings — case of bypass + burner on

In conclusion, the comparison of Table 5. 6 and Table 5. 7 leads to a yearly saving of about 500 €,
thanks to this modification in the plant regulation criteria, without any additional expense. So, the
DAS has been already updated to keep the SAHP on even during April and October.

5.3 Strategies to maximize the self-consumption of the photovoltaic field

The numerical transient model validated on the real working of the pilot plant allows further
considerations about the effective management of the PVT field. In fact, the comparison among the
self-consumed electricity, the overproduction and the additional withdrawals from the national grid
can be performed at each time step (Table 5. 8).

The results in Table 5. 8 highlight that the total consumption of the SAHP (6030 kWh) cannot be
covered by means of the PV field (26661 kWh) although both the annual and the monthly productions
are higher than the related consumptions. In fact, part of the daily SAHP consumption profile occurs
when the solar radiation is either low or unavailable, requiring an integration from the national grid
(about 30% of the annual energy for the SAHP — 1864 kWh). The table also shows that the months
with higher PV production are linked to very low consumptions: for instance, the solar bypass is
active during summer and the only consumption of the solar circulating pumps is accounted, since
the heat pump is off.

Actually, the current results neglect the electric need of the other devices within the boiler room
(mainly the other circulating pumps) which roughly increase the total consumption (6030 kWh) of
25-30%. Anyway, there is still a relevant amount of produced electricity which is substantially lost,
even accounting these additional consumptions. In fact, the electricity immitted into the national grid
has no specific refund or incentive currently (please, see paragraph 3.3.4 for further information).
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Month PV Electric Self- Additional Photovoltaic
production | consumption — | consumption = withdrawal overproduction
[kwWh] SAHP [kWh] [kwh] from the [kwh]
national grid
[kWh]

January 1626 858 567 291 1059
February 1611 858 567 291 1059
March 2567 840 510 330 1101
April 2581 1125 670 455 1897
May 2718 558 558 0 2023
June 2691 151 151 0 2567
July 3071 152 152 0 2539
August 2755 176 176 0 2895
September 2383 169 169 0 2586
October 1678 146 146 0 2237
November 1549 123 123 0 1555
December 1431 950 488 462 1061
Total 26661 6030 4166 1864 22495

Table 5. 8: main results of the performance of the PVT coupled to the SAHP

Considering a unitary price of 0.5€/kWhg, the produced and not used energy (about
20.000 kWh/year) could mean an annual saving of 10 k€ or even more. So, according to the carried-
out analyses, the PVT field does represent the less efficient subsystem of the pilot plant, where there
IS more room for improvement.

Basing on the writer’s experience, the plant efficiency should not depend on incentives and policies
to help the diffusion of the solar fields, due to their low reliability and continuous change. So, the
only effective strategies concern the increase of the on-site consumption, either with batteries or
including other energy consuming services or both. These main strategies are better enquired as
follows:

Implementation of batteries to fully cover the energy need of the SAHP: as limit case, this
intervention would allow to cover the withdrawals from the grid of about 1864 kWhel/year.
Considering the carried-out numerical simulations (Table 5. 8), about 300-400 kWhe are taken
from the grid every month, with a daily average consumption of about 10-15 kWhe. So, the
implementation of batteries with a total capacity of about 20 kWhe could be considered to reach
the almost total coverage of the SAHP electric need by means of the PV field. On the economic
side, the maximum saving of 1864 kWhe means about 932 €/year (unitary price of 0.5 €/kWhe).
On the other hand, the current cost of the batteries available on the market is of about
1000 €/kWhe. This means that the integration of batteries would require an initial installation
cost of 20 k€. As a consequence, the simple payback time would result in about 20 years, showing
the lack of convenience, since the useful lifespan of the batteries is up to now of just 10 years.

Extension of the energy-intensive devices connected to the bidirectional meter: the sport palace
is provided with many energy-intensive services, such as the lighting of the outdoor courts or the
AHU under revamping which could benefit from the PV production. Actually, the DAS is not
connected with the entire sport palace, so the only information about the total electrical need of
the facility has been collected by means of the energy bills. In fact, both the DAS and the PVT
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field were conceived in the original design to be exclusively connected to the SAHP which would
have represented an independent element within the sport palace. Table 5. 9 shows the monthly
consumption of the facility divided into three time slots which are defined in Figure 5. 4.

Month Total Electric Electric Electric Monthl
electric consumption consumption consumption y peak
consumptio | during F1 [KWh] during F2 during F3 [kWh] | power
n [kKWh] kWh [kW]
dec-17 10714 3349 38
jan-18 14910 5340 37.6
feb-18 13665 4365 36.8
mar-18 14373 5128 34
apr-18 14477 6727 32
may-18 13252 5655 40
jun-18 7814 3464 26.8
jul-18 9805 4619 20.4
aug-18 4143 1946 19.6
sep-18 4138 1792 16.4
oct-18 5327 1949 18.8
nov-18 8292 2399 34
dec-18 10939 3644 37.6
jan-19 12322 2870 37.6
feb-19 13451 3374 48.4
mar-19 10963 2962 33.2
apr-19 12021 4058 31.6
may-19 16351 6460 40.4
jun-19 16272 6737 29.6
jul-19 16258 6518 30.4
aug-19 2961 1085 19.2
sep-19 8081 2906 16.4
oct-19 18143 6848 36
nov-19 17638 6939 35.6
dec-19 15266 6018 39.2
jan-20 11177 2512 38
feb-20 13887 3373 38.4
mar-20 9179 2825 324
apr-20 9665 3192 25.6

Table 5. 9: total electrical need of the Palacus sport palace, information taken from the energy bills

The considered period starts from December, 2018 up to April, 2020. Then no more recent
information has been considered since it was influenced from the Covid restrictions and it would have
led to a misleading characterisation of the electric need of the facility.

The same results have been plotted in Figure 5. 3 for a clearer view of the electric need during the
different months and the periods over the day (time slots F1, F2, F3).
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Figure 5. 3: percentual electric consumption during different time slots as outlined in Figure 5. 4 (left axis

plot) and monthly peak absorbed power (yellow — right axis plot)

Days/Time | 0| 1| 2| 3| 4| 5| 6| 7| 8| 9[10[11]12|13]14]15]16]17]18]19|20[21|22]23

Monday F3 F3 F3 F3 F3 F3 F3

Tuesday F3 F3 F3 F3 F3 F3 F3

Wednesday |F3 F3 F3 F3 F3 F3 F3

Thursday F3 F3 F3 F3 F3 F3 F3

Friday F3 F3 F3 F3 F3 F3 F3

Saturday F3 F3 F3 F3 F3 F3 F3

Sunday F3 F3 F3 F3 F3 F3 F3 F3 F3 F3 F3 F3 F3 F3 F3 F3 F3 F3 F3 F3 F3 F3 F3 F3

Figure 5. 4: definition of the three different time slots F1, F2 and F3

Basing on the collected data reported above, the annual electric consumption of the facility is of
about 120.000 kWh which are almost equally distributed over the three time slots (Figure 5. 4). It
can be noticed that F1 identifies the part of the day with daylight, besides of holydays, Saturdays
and Sundays which fall either in F2 or F3. So, during F1, the self-consumption of the produced
electricity is very likely and the electricity need varies from a maximum of 40-50% up to a
minimum of 35% of the total monthly need (Figure 5. 3). This means that roughly one third of
the average yearly need (namely 36000 kwWh) would be very likely to be covered by means of
the PV solar field, without the implementation of any battery.

Table 5. 10 resumes the achievable results split into the different months obtained from the
connection of the PVT field to all the energy intensive services of the sport palace. With reference
to Table 5. 10, the following remarks can be outlined:

The PV production has been taken from the previous shown results;

the column concerning the monthly consumption during F1 is the average of the same months of
the different years (e.g., January is the average of January 2018, January 2019 and January 2020
etc.).
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The additional withdrawals from the national grid have been computed assuming that only 65%
of the monthly need during F1 is covered by means of the PV field, to account for the
consumptions occurring when the solar radiation is either low or unavailable.

The overproduction is just the difference between the PV production and the self-consumed
energy.

PV F1 consumption Additional
. (average of each . Overproduction
Month production month in Table 5. 9) withdrawal from [KWh]
[kwh] - [KWh] ' the grid [kWh]
January 1626 5609 3983 0
February 1611 5826 4215 0
March 2567 4274 1707 0
April 2581 4172 1591 0
May 2718 4678 1960 0
June 2691 3668 1284 307
July 3071 4127 1444 388
August 2755 980 343 2118
September 2383 1853 649 1179
October 1678 3965 2287 0
November 1549 4690 3142 0
December 1431 4601 3170 0
Total 26661 48443 25775 3992

Table 5. 10: estimation of monthly electric self-consumption basing on the information within the energy
bills and the PV production

With this configuration, only 15% of the produced electricity is sent to the national grid, while
the remaining part is directly self-consumed. It can be noticed that a relevant lack of usage of the
PV field occurs only during August and September. This is due to the fall in the consumption
since the facility is almost closed or partially open because of the holydays. Therefore, the
estimated percentage of 15% of overproduction is not likely to be further reduced, in absence of
any relevant change in the consumption profile of the sport palace.
In conclusion, the facility consumption profile is very likely to self-consume the PV production.
Basing on the preliminary estimations carried out on the safe side, about 25000 kWhe are self-
consumed every year, leading to about 12.5 k€ of savings (assumed 0.5€/ kWhg).
Furthermore, the initial cost of this intervention is expected to be very low since just a change in
the electric meter is needed, to connect all the electric utilities under the bidirectional meter of
the PV field.
Therefore, the installation of batteries is not preliminary considered cost-effective, for the
following reasons:

o High initial installation cost

o The almost total PV production is already self-consumed when it is produced
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o The delivered power of the batteries is not suitable with the maximum monthly required
power (right axis plot in Figure 5. 3), which is always not lower than 15 kW and it is on
average 30 kW, unless an extended number of batteries is installed (negatively affecting
their cost-effectiveness).

The results of these efficiency analyses were provided to the Technical Committee in charge of the
plant revamping to identify an optimal management criterion to best exploit the existing installed
solar field. More in general, many PV/PVT plants are experiencing the same problems after the
abolition of the net metering and therefore the same approach adopted for the specific case study can
be applied to other similar plants.

5.4 Performances of the SAHP-PVT at different climatic zones

The results reported up to now were drawn from the specific pilot plant, although the adopted
approach and the main conclusions can be applied to other case studies. In this section, a more general
approach is adopted, since the validated numerical model of the SAHP-PVT has been simulated at
five different cities over Italy which represent the five main climatic zones (Table 5. 11). The target is
to provide a preliminary assessment tool of the SAHP-PVT performance, varying the Degree Days
(DD) of the installation site.

A 568 Lampedusa
B 899 Crotone
C 1185 Bari

D 1435 Genova
E 2404 Milano

Table 5. 11: cities adopted to simulate the performance of the SAHP-PVT, with the correspondent Degree
Days (DD) and climatic zones

The simulations have been run under the following assumptions:

1) The external weather has been extracted choosing climatic stations with shadings similar to
the pilot plant at Genoa, to make the results comparable.

2) The DHW need has been considered as almost independent from the installation site. This
assumption is correct since it mainly depends on the usage of the facility (please, see
paragraph 3.2.1 for further information). Actually, the location might influence the thermal
losses linked to the water storage, but this aspect has been already considered correlating the
temperature of the boiler room to the external one, which varies according to the location.

3) The SH need has been considered as almost independent from the installation site. This
assumption can be considered acceptable as a first approximation, since the SAHP provides
only a preheating of the return water inside the radiator circuit, as previously described
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(please, see paragraph 3.2.2 and Annex with the plant layout for further information). In
addition, the SAHP-PVT was designed to provide thermal energy with priority to the DHW
subsystem with respect to the SH.
4) According to the current working criterion, the SAHP is active during the heating season,
while the solar bypass is enabled for the remaining part of the year. The beginning and end of
the heating season according to the climatic zone are shown in Table 5. 12.

Table 5. 13 resumes the total thermal energy delivered for each month at the different locations.

Climatic zone | Beginning-end of the heating season
A December, 1% — March, 15"
B December, 1% — March, 31%
C November, 15" — March, 31°
D November, 1% — April, 15"
E October, 15" — April, 15"

Table 5. 12: duration of the heating season according to the climatic zone

A - Lampedusa | B - Crotone | C-Bari | D-Genova | E - Milano
Jan 4668 4213 4004 3398 1863
Feb 4393 4014 3690 3458 2513
Mar 2641 5299 5099 4924 4137
Apr 802 654 560 2950 2429
May 1131 1062 974 657 508
Jun 1284 1144 1110 948 730
Jul 1815 1696 1631 1294 983
Aug 1945 1856 1546 871 764
Sep 1385 1289 1185 831 395
Oct 1192 999 897 325 2328
Nov 764 293 2471 3764 2368
Dec 4838 4476 4086 3200 1411
Total 26858 26995 27253 \ 26620 20429

Table 5. 13: monthly thermal energy produced by the SAHP-PVT (including the solar bypass) at the five

cities

The results have been plotted when only the solar bypass is active (Figure 5. 5) and during the heating
season when the SAHP is on (Figure 5. 6).
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Figure 5. 5: plot of the thermal energy produced by the solar bypass at different climatic zones
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Figure 5. 6: plot of the thermal energy produced by the SAHP at different climatic zones

The following observations can be drawn from the comparison of Figure 5. 5 and Figure 5. 6:

The months of November, March, April and October can be misleading, since apparent
unexpected performances are recorded. Indeed, during these months some cities are already/still
out of the heating season, with the solar bypass on, while others have the SAHP switched on.
A global improvement of the SAHP-PVT performance can be noticed at locations with lower
DD; in particular the delivered thermal energy almost doubles for both the solar bypass and the
SAHP from the climatic zone E up to A or B.
Independently from the climatic zone, the thermal energy produced by means of the bypass is
about half of the one obtained with the SAHP. Unluckily, the activation of the SAHP even out
of the heating season is less likely at mildest locations since the temperatures reached at the
evaporator might be too high and cause either blocks of the HP or activations of the solar bypass
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with intermittent switch on and off of the HP. This aspect has been already enquired for the
climatic zone D in paragraph 5.2).

In conclusion, the Seasonal COP (SCOP) of the HP has been evaluated, using the following
formulation:

?jf(Qcond + Qbypass) Egq.5.1

365 L .
i=1 “HP+circulators

SCOP = 2

Where:

Qcond and Qbypass represent the useful effect, namely the thermal energy delivered by the SAHP and
the solar bypass respectively [kWh]

LHp-+circulators accounts for the electric consumption of both the SAHP and the circulators inside the
boiler room [kWh]

Figure 5. 7 reports the SCOPs obtained by the simulations of the SAHP-PVT at the five different
cities, united with the regression line. It can be seen that the approximation is very good (less than
2%), allowing to preliminary assess the SAHP-PVT performance just knowing the degree days of the
location, assumed that the solar field installation site is free from any relevant obstruction or shading.

SCOP of the SAHP-PVT at different climatic zones
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Figure 5. 7: simulated SCOP of the SAHP-PVT at different locations, regression line and correspondent
equation

In addition, the equation of the regression line reported in Figure 5. 7 also allows the estimation of the
maximum, theoretical SCOP for the considered plant layout. In fact, considering the limit case of the
degree days tending to zero, the extrapolated value of the SCOP is of 5.6. This value can be only
implemented by changing either the plant layout, or increasing the efficiency of one or more
components or both.
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In conclusion, the present study assessed the great potential of the SAHP-PVT technology, which is
inversely proportional to the DD of the location. Considering both the achievable SCOP and the
delivered thermal energy, such technology is highly advisable for cities falling into the climatic zones
A, B, C and D, while the performance of the system needs to be specifically evaluated in zone E.
Considering the distribution of the Italian territory (Figure 5. 8 and Table 5. 14), only the South and
part of the central regions (especially on the West Coast) are highly compatible with the SAHP-PVT
technology. On the contrary, the North, including all the Po Valley and the Apennines (about 43% of
the Italian territory) require additional evaluations referred to the specific case study.

Table 5. 14: percentual extension of the climatic zones over Italy
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6. Conclusions and future developments
The Solar Assisted Heat Pumps — SAHP are basically the result of the interface between a very
efficient heat generator — the heat pump — and a renewable source — the solar panels. These two key
elements take mutual advantage one from the other increasing their performance since the heat pump
works at higher and more stable temperatures with respect to the air source. In addition, the low
working temperature at the panels increases their efficiency, their operativity time during the day and
it reduces the thermal losses, even in the case of poorly insulated panels/connection pipes.

Starting from this basic idea, many layouts of the SAHPs have been identified in the different studies,
for instance considering hybrid panels instead of only thermal ones, or by installing a dual source
heat pump (i.e., solar panels or external air or ground heat exchangers), with an automatic switch to
the most convenient thermal source. Anyway, the actual state-of-art still presents many limits that
affect the diffusion of the SAHPs:

- Coupling of solar panels and heat pumps: the SAHP works under transient regime, therefore the
correct sizing of the HP and the solar panels is not trivial. Indeed, the HP operativity time must
not be too long to reduce the electric consumption; in addition, the design of the solar panels
should account for the variability of the solar radiation over the day with respect to the activation
periods of the HP. These issues are complicated by the absence of a general and common design
approach, leading to different plant configurations, based on both the calculations performed by
the researchers and the available information.

- Low ambient temperature: in case of SAHPs installed at cold climates, the low ambient
temperature is very likely to decrease the overall performance of the plant, starting from the
higher thermal losses at the panels and the lower working temperature at the evaporator. This
main issue comes with other operational problems, such as the risk of frosting, reduced efficiency
at the HP compressor which can be worsened by the adoption of low cost, poorly insulated panels.
Actually, this limit is more concerned with the HP instead of the solar panels, in fact most of
recent, carried-out research is studying the improvement of this component (e.g., trans critical
cycles, COz cycles etc.).

- Mismatch between heat requirement and heat supply: the optimal situation for a SAHP is
represented by the case in which the heat supply is required during the same period of maximum
solar availability. Every time shift causes a relevant reduction of the SAHP performance,
particularly emphasized during Summer when the peaks in solar radiation can remain even
unexploited. So, also the sizing of elements with thermal inertia, such as water storage tanks, has
to be carefully evaluated.

- Low level of end users’ acceptance of the SAHP: independently from the cost effectiveness of
the facility, many advanced technologies such as the SAHP are hardly chosen by the end users’
because of their lack of confidence and skills to manage complex plants. This topic is of
paramount importance since a plant needs to be used to reach the expected performances. The
implementation of self-controlled SAHP, thanks to complete and extended data acquisition and
management systems, is the main strategy, to avoid the end users’ intervention. And increase
their acceptance.

- Coupling of the SAHP with existing heating systems: one of the biggest obstacles in the large-
scale adoption of SAHP based plants is represented by the coupling with existing, high-
temperature emission systems (e.g., radiators). Indeed, the revamping of existing heating plants
by means of the substitution of the generator is more likely than the realization of completely
new buildings with specific reference to the Italian building stock. For this reason, the SAHPs
have to cope with this problem, to make them more attractive if compared to traditional gas
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burners. For instance, the interface between SAHP and gas burners could be introduced, keeping
the burners only for integration or in case of extreme need, while the main part of the thermal
load during the day is granted by means of the SAHP.

- SAHP - scale effect? The experimental facilities reported in all the available studies are
concerned with small solar fields/HP size (e.g., about 10 -20 m? of capturing surface and about
5-10 kWr of delivered thermal power by the HP). This aspect is mainly due to the initial cost of
the plant and the reduced room available in laboratories to develop larger prototypes. As a
consequence, there is still very little information about any operational problem linked to the
increase in the size of the plant. The pilot plant under study in the present work is one of the few
facilities of medium-large size (i.e., 120 m? of solar field and 48 kW of delivered thermal power
by the HP) from which the difficulties caused by the increase in plant complexity and its different
working conditions can be better understood. These issues were at the core of the optimization
analyses run in TRNSYS environment to increase the plant efficiency resumed below.

The work has presented the topic and limits of the SAHPs, before introducing in detail the pilot plant
under study.

Briefly, the plant is formed by a hybrid solar field (PVT) which is interfaced with the cold side of a
Heat Pump (HP) to increase its efficiency during the heating season. Such plant covers the Domestic
Hot Water (DHW) and Space Heating (SH) needs of a sport palace with the help of two integration
gas burners (namely one for SH and one for DHW). During the remaining part of the year, the HP is
off and the solar thermal field is directly interfaced with an integration burner to cover the DHW
needs of the facility (solar bypass). This bypass is activated also each time the temperatures in the
solar field are stable and high enough to be directly sent to the integration gas burners. In both cases
the PV side of the solar field is expected to cover the electrical needs of the plant, with an increased
efficiency thanks to the low working temperature determined by the thermal side.

Besides of the experimental approach, the numerical modelling results quite demanding also because
of the extended recorded data set to perform the validation. The SAHP-PVT pilot plant under study
represents a step forward the laboratory prototype since it is a real plant, covering the real DHW/SH
needs of a sport palace, but it is equipped with an extended data acquisition and control system that
allows detailed analyses about its working.

Then a numerical transient model of the plant has been implemented in TNSYS environment.
Different stages of validations occurred, since the control on each component singularly may not be
always feasible, because the boundaries must reproduce the same measured conditions to which the
reference information is associated.

On the other hand, only the validation of the entire model of the plant as a single element may lead
to unsatisfactory results, due to the relevant number of parameters to set for each component and the
large number of checks under different working conditions.

In conclusion, the validation of the model was carried out according to the following criteria:

- Validation of single components, whenever information about the element working on its own is
available.

- Validation of the smallest group of components when their working occurs simultaneously. This
step involves also the elements singularly validated before shall be used again.

137



In any case, the validation of the plant has been concerned with both graphical comparison between
simulated and measured trends of chosen parameters over time and the comparison with average,
integral values.

Actually, such detailed approach would not have been possible without a complete and extended
dataset of measurements of the different working parameters of the plant under different boundary
conditions.

Then, the validation of the global working of the plant has been presented, to provide a last check on
its reliability with reference to the expected design values contained in the original design calculation
report. This comparison allows to highlight the differences between the design approach (almost
steady state) and the transient simulation, showing how the steady state approach is likely to predict
performances (e.g., COP) about 7% lower. The transient modelling also accounts for the actual
distribution of the consumption profiles (e.g., DHW or SH) during the day, which affect the
performance of the SAHP.

Concerning all the carried-out models, the simulation of transient systems with relevant mass flow
rates poses a not negligible issue about the convergence analysis. In fact, the frequent switch on/off
of the pumps (nominal flow rates between 5000 and 8000 kg/h) is very likely to cause a missed
convergence of the non-linear equations involved, even accounting for hysteresis effects. Therefore,
the optimal convergence values adopted in the simulations are concerned with a very small time-step
(variable between 1 minute for the validation of the SAHP up to 10 minutes for the simulation over
a reference year) and a tolerance convergence of 0.35. As shown in the previous chapters, these values
allow reliable, converged results without requiring an excessive computation time.

Completed the validation and convergence stages, the model has been adopted to enquire the best
interventions to increase the plant efficiency. Although the specific conclusions are drawn with
reference to the pilot plant under study, the adopted approach and the main results can be applied to
other similar SAHP plants. Part of the results of the simulations briefly resumed below have been
already implemented inside the plant, while others are still under design.

1) Influence of the thermal losses due to the pipes connection the solar field to the boiler room:
about 200 m long and not insulated pipes connect the solar field with the HP/boiler room.
Usually, many SAHP are assembled adopting low cost and poorly insulated panels since the
low working temperature with respect to the external one determines very small thermal losses
independently from the level of insulation. Anyway, in the specific case study, the HP is
switched off at the end of the heating season and the solar field is directly interfaced with the
integration gas burners, bypassing the heat pump. This change in the plant working layout
causes not negligible thermal losses as a consequence of the increased working temperature
inside the panels. So, the numerical model has been used to evaluate the benefits deriving
from the insulation of these pipes. Basing on the carried-out simulations, on the thermal side
the insulation causes an reduction of the SAHP performance during winter since the pipes no
longer act as an additional heat exchanger. On the other hand, the high thermal losses during
summer are reduced (about 60% in the monthly values), when the HP is off and the solar field
directly works with the integration gas burners. From the point of view of the annual balance,
the insulation leads to a global improvement in the delivered thermal energy (about 8% -
600 €/year of saving), since the decrease in the thermal losses during summer is far higher
than the slightly lower performance of the SAHP during the heating season. Anyway, the
insulation generally increases the working temperature at the panels, with a lower generation
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3)

efficiency of the PV side of the solar field. According to the specific case study and the current
unitary prices for electricity, the loss in the PV production is almost comparable to the increase
in the provided thermal energy under the assumption of almost total self-consumption of the
photovoltaic production. In conclusion, the cost-effectiveness of this intervention depends on
the effective capability of the facility to consume the produced electricity on site. Actually,
the plant layout and electrical consumption profile of the case study is not likely to truly
benefit from the increased PV production and the insulation of the connection pipes has been
therefore included in the intervention for the plant revamping under design.

Changes in the regulation criteria to best exploit the SAHP-PVT:

The simulated monthly results clearly show that there is a steep decrease in the produced
thermal energy when the SAHP is switched off and the solar bypass is enabled. This aspect
can be noticed in particular during Spring or Autumn (i.e., in October or April). So, the
validated numerical model has been used to enquire the convenience of keeping the SAHP on
even out of the heating season. According to the simulations, the SAHP is convenient both on
the energy and economic point of view only in October and September. Indeed, the still low
temperatures and solar radiation allow the HP to work without enabling the solar bypass with
a saving preliminary estimated in about 500 €/year. On the other hand, during the other
months (namely from May to September) the bypass activates frequently, with continuous
stops of the HP. This in turn leads to almost the same delivered energy since it is mainly
produced by means of the solar bypass. On the operational side, the HP is likely to be
subjected to failures or blocks due to the frequent switch on and off. In conclusion, the data
acquisition system has been implemented with the new regulation criterion, to increase the
plant performance.

Strategies to maximise the self-consumption of the photovoltaic field:

The transient simulations show that the shift between the daily production and consumption
profile requires that about 30% of the annual HP electric need is granted by the national grid,
although the integral monthly/yearly PV production would cover it. In addition, almost 70%
of the PV production is sent into the national grid without any specific refund or incentive
(the net metering has been recently abolished). Assuming a unitary price of electricity of
0.5 €/kWheg, this means that about 10.000 € could be saved each year. As a consequence, the
main strategies to improve the management of the PVT field have been enquired: installation
of batteries and increase of the direct, on-site consumption.

These specific simulations have been performed basing on the information available in the
energy bills since the data and acquisition system is connected only with the SAHP-PVT,
neglecting the other energy consuming services inside of the facility, such as the lighting plant
which covers both the internal sports hall, offices, lockers and external courts.

The study preliminary assessed that the connection of the PV field to all the energy intensive
services of the facility is very likely to self-consume almost all the produced energy even
introducing wide margins of safety. In fact, only the consumptions occurring the periods with
daylight have been accounted (about one third of the total need) and it was assumed a coverage
of 35% of this need by means of the national grid, to account for the moments in which the
solar radiation is either low or absent. Under these conditions only 15% of the annual PV
production was sent to the grid and it entirely occurred during August and September, since
the facility is either closed or partially open because of the holydays and the hot climate.

In addition, the installation of batteries proved not convenient for different reasons: firstly,
the required capacity compared to their initial cost (approximated at 1000/kWhg) determine a
simple payback time of about twice their useful life (namely 20 years against the expected
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useful life span of a battery of 10 years). Secondly the continuous discharge power is not
comparable with the required one, unless large fields of batteries are installed (worsening their
cost-effectiveness analysis). In the end, all the PV production is very likely to be consumed
on site just connecting the PV field with both the HP and all the energy intensive services, so
there is no preliminary real need for batteries.

Considering the specific pilot plant, only commercial batteries were taken into account.
Indeed, the SAHP at Palacus sport palace represents a meeting point between a real plant
associated to a real building and an experimental academic facility. All the plant was
assembled using commercial components and not specifically tailored ones, trying to bring
the technology closer to the step of industrial and serial production. For this reason, the plant
is required to grant reliability, durability and economic convenience of the interventions,
therefore excluding more effective but still not widely diffused prototypes (e.g., thermo-
electric storages or more in general fuel cells).

Performances of the SAHP-PVT at different climatic zones:

The assembly and run of a numerical model for the SAHP is demanding in terms of both
required time and computational capacity. In addition, a very complete set of measurements
is needed to perform an exhaustive validation. So, the numerical model has been run at five
different cities, representing the main Italian climatic zones, to provide a preliminary
estimation of the SAHP potential, according to the Degree Days (DD) of the location.

The simulations were carried out assuming a negligible dependence of the SH/DHW needs
on the different locations. This can be considered correct for the DHW since it mainly depends
on the usage of the facility. On the other hand, the SH can be preliminary conceived as
independent from the location, since the SAHP provides only a pre-heating of the SH circuit.
In addition, no relevant obstructions or shadings were modelled on the PVT field.

The delivered thermal energy by means of the SAHP can even double form climatic zone E
up to A or B, showing the convenience of the technology for the locations falling within the
climatic zones A to D, which represent almost half of the Italian territory. The remaining
places belonging to E or F require specific assessments referring to the installation site and
the actual DHW/SH needs. From the point of view of the Seasonal COP (SCOP), the
simulated values obtained for the five cities are very well approximated by a linear regression,
only depending on the DD of the site. This equation represents a very useful tool to assess the
preliminary performance of a SAHP at different locations, assuming negligible
shading/obstructions on the solar field. In addition, the limit case of the Degree Days tending
to zero identifies the theoretical limit of achievable performance for the SCOP (5.6) for the
considered configuration and components of the SAHP.

More in general, the developed and validated transient model represents a powerful tool which can
be adopted for different applications:

Plant design/revamping: the transient model of the components reproducing the real working of
the plant leads to more refined estimations comparing for each time step demand against
production. Such model can be applied under a design stage using nominal performances in
absence of operative, measured data. Then the same parameters of the different components (e.g.,
heat pump, burner etc) can be constantly, or at least regularly, updated basing on the collected
information to follow the wearing of the components and their further performance degradation.
In the specific case study, the transient simulations allowed to identify the possible interventions
estimating their benefits also with a general validity. For instance, the insulation of the connection
pipes between the solar field and the heat pump might result convenient or not, according to the
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thermal and electric needs of the facility. In fact, the higher operating temperature achieved by
means of insulation is a positive effect on the thermal side but it negatively affects the PV yield
of the solar cells. In absence of efficient electricity storage systems or consistent energy
withdrawals, the insulation of the pipes and adoption of insulated panels is generally advisable.

- Plant monitoring and maintenance: the role of the model interfaced with the data acquisition and
control system is just not a mere flag of the failures, but it can help the schedule of maintenance
interventions. Some instances are concerned with the cleaning of the heat exchangers once the
efficiency is below a given threshold or activate a warning for pump substitution whenever the
cumulate working period exceeds established ranges. As regards the specific pilot plant, these
issues are currently under study and they belong to the future developments.

Clearly, the current model lacks perspective on the structure which is served by the heating plant and
it should be extended to the facility, united with the data acquisition and control system, to assembly
a global model (i.e., plant + heating plant). This extension would allow a further refinement of the
regulation criteria which are currently concerned with just the production and storage of technical hot
water used either for SH or DHW without effectively acting on the emission.

The original concept behind the plant design aims at a self-sufficient structure providing the DHW
and SH demand with almost no fossil fuel consumption. In fact, the PV side of the solar field was
designed to cover the electrical consumption of the heat pump, making this technology highly
scalable, from a theoretical point of view. However, the feasibility of this concept depends on the
policies which allowed the use of the national grid as a virtual storage for the produced/consumed
energy over the year. Basing on the current state of policies and Italian laws, this strategy is no longer
working, so proper storages must be included to allow the scalability of the plant as a whole,
especially if hybrid panels are involved.

On the thermal side, the introduction of relevant storages on the DHW subsystem and the usage of
the SAHP for pre-heating/normal operation on the SH service reduces the dependence of the plant on
the energy demand of the building. More in general this layout is conceived to maximise the
compatibility of the SAHP with existing buildings, eventually scaling the components according to
the energy and power profiles of demand. Indeed, such hybrid systems are not meant to entirely
substitute the traditional system, especially in existing buildings, but they are expected to cover most
of the energy need, leaving the intervention of the traditional heating system to severe conditions.

Furthermore, these configurations of plants involving different energy sources (both fossil and
renewable) provide an added degree of resilience to the plant. In fact, different regulation criteria
could be set according to the unitary price of the energy sources, choosing the most convenient one
time by time.

Anyway, the change in size of the plant has to be preliminary evaluated to identify the correct
extension of the solar field to be coupled to the heat pump. This aspect belongs to the future
developments, basing on the validated model described in the present work.

In fact, the installation of such plants might collide with different constraints. For instance, not enough
available surface to install the solar field, municipal regulations that inhibit the installation of panels,
incompatibility of the heat pump with the surrounding (e.g., exceeding of the noise limits).

As far as the future developments are concerned, on the short term, more locations should be added,
to refine the assessment tool. In addition, the effect of shadings could be accounted, as well as varying
the size/efficiency of the different components, to reach a predictive formulation of the SAHP
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performance depending on these parameters (i.e., location, level of shading and characteristics of the
main components). Furthermore, the numerical model of the plant could be implemented with the
energetic simulation of the sport palace, for a better approximation of the SH/DHW needs.

Then, on the long term, such plant model should be implemented and interfaced with the data
acquisition and control system, to enhance advanced machine learning and multi-objective
evolutionary optimisation models, constantly updated using the real time measured parameters.
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Annex — complete plant layout
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